
ABSTRACT 

KEOUGH, CARTER BROOKS. Fatigue Performance of Additively Manufactured Ti-6Al-4V: 

Influence of Build Orientation and Secondary Processing. (Under the direction of Dr. Ola L.A. 

Harrysson and Dr. Richard A. Wysk). 

 

In order for metal additive manufacturing (AM) to become more widely used the 

predictability and improvement of their mechanical properties must be better understood. The 

unique, rough surfaces of electron beam melting (EBM) parts can negatively affect the fatigue 

performance of functional components sometimes making these parts unusable without 

additional post processing (machining, heat treating, etc.). Surface finishing operations can 

enhance the fatigue performance, but sometimes at the expense of achieving specifications for 

desired tolerances, production costs, and/or processing times. Understanding the relationships 

between these sometimes-conflicting variables is vital to the selection and sequencing of 

manufacturing and finishing operations in order to achieve efficient and effective production of 

functional components. This research aims to develop a quantitative insight into the effects of 

surface modifications on one of these mechanical properties, the fatigue behavior of AM Ti-6Al-

4V made using EBM so as to develop design recommendations to help facilitate future product 

designs. This research examines the fatigue properties of: 1) EBM Ti-6Al-4V in as-printed, hot 

isostatic pressing (HIP) as-printed, and surface treated conditions, as well as 2) EBM Ti-6Al-4V 

that was fabricated in three various build directions. 

In this research, a carefully designed experimental model was developed in order to 

understand these conditions. Testing used two series of four-point flexure studies with R-value 

equal to 0.1 were conducted to investigate the effects of surface quality, surface defects, and 

build orientations on fatigue performance. Surface modification methods encompassed in this 



work include mechanical and chemical surface treatments. Characterization of samples within 

these studies used optical microscopy, energy-dispersive X-ray spectroscopy (EDS), scanning 

electron microscopy (SEM), laser scanning confocal microscopy, gas pycnometry, 

microhardness, dimensional and mass inspection, and flexural fatigue testing. This work found 

that each of the post-build surface treatments investigated produce unique surfaces which could 

significantly improve the fatigue behavior of the samples due to the reduction in surface 

roughness. Analysis of fracture surfaces revealed that failure was related to surface imperfections 

and defects. From this information, guidelines were developed to better represent 1) optimized 

amounts for finishing allowances on critical features and 2) the minimum requirements for 

achieving desired geometric and mechanical performance specifications. 
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CHAPTER 1 - Introduction 

The intent of this chapter is to provide a brief introduction of additive manufacturing 

(AM) and some of the processes and techniques used to finish parts produced with the AM 

process. Within this chapter, a brief explanation of metal additive processes is used to outline the 

need for post-manufacturing finishing processes and a high-level view of the treatment 

techniques is given. This insight is then used to introduce how metal AM performs during 

mechanical testing in literature. Finally process planning, as a means to manage manufacturing 

processes and data, is also introduced. The objective of this chapter is to outline the specific 

strengths, weaknesses, and requirements of each of these four topics to provide a background for 

the individual research objectives of this dissertation. The limitations presented are explored and 

an approach to address them, focusing on the characterization of planning inputs for feature- 

based design guidelines for finishing of metal AM parts, is described. Finally, the individual 

research areas are outlined. 

1.1 Background 

1.1.1 Additive Manufacturing 

Additive Manufacturing (AM) has been defined as the process of joining materials, 

generally in a layer-wise manner, to make an object from 3D model data [1]. Production of parts 

using any AM technology involves a series of several general steps. The 3D model is first sliced 

into layers, typically along the Z-axis, such that each layer represents a cross-section of the part. 

Each of these layers are made when material is deposited onto the previously built layer, or build 

platform for the initial layer, and the two are fused together with either thermal, mechanical, or 

chemical energy. This process is done repeatedly until the entire part is formed. 
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 Initially, AM was used as a means to create complex rapid prototypes for concept 

visualization and testing for form and fit; however, in more recent years, AM is being used more 

frequently to produce net-shape or near-net shape parts that meet a functional need [2]–[5] This 

shift has been widely seen in the aerospace, automotive, and medical industries [2], [3], [5], [6]. 

In these industries, metal is used as the material of choice instead. Therefore, the AM processes 

that are most commonly used to produce metal components (electron beam melting (EBM), 

direct metal laser sintering (DMLS), and selective laser melting (SLM)) will be considered here 

and for the remainder of this work, with specific attention given to the EBM process. 

With the shift to production of functional parts, it is important to address the advantages 

and limitations of AM. While each AM system has its own unique capabilities, there are several 

general advantages of AM. One of the most well-known advantages of AM is that it can produce 

complex geometries that might not otherwise be produced, which can include elaborate internal 

channels and pockets as well as intricate meshes [2]–[4], [7]. AM also allows parts to be more 

easily made from otherwise difficult to process materials, such as titanium alloys, biomaterials, 

and amorphous metals [2], [3], [8], [9]. The lower ‘buy-to-fly’ ratio, which refers to the lower 

amounts of material waste, of AM as compared to traditional subtractive manufacturing is also 

noted [4], [10]. A further advantage due to the nature of the process, AM does not require any 

special tooling [4], [10], [11]. This means that there is less inherent process planning required to 

prior to making a part which ultimately means that less engineering time is required to setup the 

build [12]. 

Unfortunately, AM systems also suffer from several drawbacks. The most noted 

limitation of AM is the poor surface finish [2], [3], [5], [7], and geometric inaccuracy [4], [5]. 

The inherent stair-stepping in layer based technologies is one of the primary reasons for low 
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surface quality; however, witness marks from the removal of support structures is also a critical 

factor to consider, particularly in metal AM [2], [6]. The geometric accuracy of the produced part 

is also affected by the distortion due to internal and residual stresses incurred during the AM 

process [4], [13]. Because of this post-processing or post-finishing procedures are often needed 

before the metal parts can be utilized. While the uniqueness of the starting material for AM 

processes (metal in powder form) can be advantageous, it also can raise concerns due to 

difficulties in safe handling practices, particularly true for fine metal powder based processes, 

and expense associated with the material itself [2], [6], [14]. Additionally, in comparison to 

traditional manufacturing methods the relatively lengthy processing time required to produce a 

single part is less than ideal [3], [6]. For this reason, unless there is other factors involved, AM is 

not well suited for high volume production [3], [6]. 

1.1.1.1 Electron Beam Melting 

Electron beam melting is one of the most popular metal powder bed fusion (PBF) AM 

techniques [6]. Similar to the general AM process described previously, powder bed fusion 

technologies operate by selectively melting layers of metal powder on the build platform [3], 

[10]. Scanning of each subsequently spread powder layer, with a heat source, is done to preheat 

the metal powder layer before the next cross section of the part is formed [3], [10]. In the case of 

EBM, the heat source is a focused beam of electrons which transfer kinetic energy to heat the 

metal powder particles [2], [3], [6], [10], [11], [15]. Additionally the EBM process is 

characterized by the vacuum atmosphere that it is performed under, the elevated powder bed 

temperatures, and ability to move the electron beam almost instantly [2], [10], [15]. Due to the 

higher input of energy from the electron beam, the elevated temperatures of the powder bed 

means that it is possible to use EBM parts without the need for stress relieving operations since 
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there is lower residual internal stresses [2], [10], [15]. This elevated temperature however also 

contributes to an almost contiguous grain pattern in the final components that is similar to cast 

microstructures where there are indistinguishable scan lines from processing [2], [15]. The 

smaller amounts of internal stresses however also means that that the need for lots of dense 

support structures is not necessary to build parts as compared to laser based processes [2]. The 

use of deflection coils to focus the electron beam contributes to the ability to use a ‘multi-beam’ 

approach, of instantaneously jumping between multiple locations on the parts contour, to develop 

multiple melt pools for a more uniform temperature throughout the build [2], [15]. It is also 

noted that EBM parts are characterized by their surface roughness and minimum feature size. As 

compared to laser based PBF processes, EBM parts typically have a rough surface and have 

larger minimum feature sizes [2]. 

1.1.2 Post-build Treatments 

Processing operations are considered to be any operation that transforms a material to a 

more advanced state of completion with the goal of increasing the value of the material [16]. One 

can further define processing operations as either basic processes or secondary processes. 

Processes such as casting or rolling are used to establish the initial near-net shape part geometry 

and they are called basic processes [16], and AM processes can also be considered basic 

processes. Due to inherent process capabilities, some components may require additional 

refinement beyond the basic processing to achieve the desired end result. This refinement is 

completed by secondary processes. These secondary operations aim to further increase the value 

of the material by altering its appearance, geometry or physical properties [16]. Examples of 

these secondary processes can include machining, rolling, bending, etc. If AM is considered to 

be the basic process, then any process after the part is built would be considered a secondary 
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process. For clarity in the remainder of this document processing operations that are performed 

on AM parts will be classified as ‘post-build treatments’ as they are secondary operations that 

are performed post AM-building. 

Post-build treatments can take many forms; however, in the scope of this work, two 

categories are identified. First, there are property enhancing operations which work to change the 

physical properties of the product without modifying its shape. An example of this type of 

operation most commonly referenced is heat treating. Heat treatment describes techniques such 

as annealing, normalizing, tempering, etc. [16]–[18]. The purpose of these treatments is to alter 

the physical characteristics and properties of the material, such as hardness, toughness, and 

density, at the microstructural level in order to achieve a desired performance [10], [17]. 

Additionally, the second category of post-build treatments are surface finishing operations which 

aim to alter the surface of the product to improve the shape, tolerance, appearance, etc. [16]. 

Such processes can include operations that remove material from the work piece like machining, 

shot peening, and etching. Others can include those that add to the surface such as painting, 

plating, and anodizing. 

Due to the variety of post-build treatments and inherent process capabilities, each 

treatment would naturally influence the final part differently; giving them a unique series of 

strengths and weaknesses. It is up to the manufacturing engineer to determine the most 

appropriate process(es) to produce a part; this technique of selection will be further discussed in 

Section 1.1.4 . The job for manufacturing engineers is further complicated when multiple post-

build treatments are applied sequentially. Combining multiple treatments in this way is done so 

that the produced physical product better meets the designed specifications; however, it makes is 

more challenging to select the appropriate treatment(s) because their sequence is now a factor for 
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engineers to consider. One way to help streamline the decision-making process is to understand 

and quantify the effects of the individual treatments. Understanding how individual property 

enhancing and finishing operations impact an AM part helps provide insight into correlations 

between multiple post-build treatments. With this knowledge, engineers and designers can better 

develop guidelines for part production which are more capable and efficient. 

1.1.3 Mechanical Properties of Ti-6Al-4V AM Components 

The mechanical properties of a metal, such as hardness, ductility, and strength, of a 

material control how a part behaves when subjected to mechanical stresses. These properties are 

determined by the chemical bonds of the metal, the crystal (grain) structure in the part, and the 

defect population in the part [19]. The manufacturing process used to form the near-net shape 

geometry of the final product can affect these properties because they typically apply heat, 

mechanical forces, or a combination of the two to produce the final part. Therefore, when 

designing a product, it is important to first understand a materials mechanical properties and how 

they are affected by processing operations because the ultimate function and performance of this 

product is directly dependent on the parts ability to resist the applied mechanical stresses during 

service [16]. 

The push to understand how the AM process affects the mechanical performance of the 

materials is motivated by the increase in use of metal AM processes to produce functional 

components, which was outlined in Section 1.1.1 . To better understand this performance various 

tests can be performed. These tests can include, but are not limited to: (a) tension testing to 

determine the material’s yield and tensile strengths, (b) compression testing to determine the 

material’s compressive yield and compressive strengths, (c) flexure testing to determine the 
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material’s ability to resist cracking and allowable limit of plastic deformation, (d) hardness 

testing to determine the material’s ability to resist plastic deformation and permanent 

indentation, and (e) fracture testing to determine the residual strength of a specimen [16], [20]. 

In an effort to understand how AM processes affect a materials properties, many alloys 

have been represented, such as Inconel, Ti-6Al-4V, and austenitic and martensitic stainless 

steels. However, the focus of this work is limited to Ti-6Al-4V because of the interest of this 

material to both the academic [10], [21]–[24] and industrial communities [3], [4]. Titanium 

alloys are generally known for their high stiffness-to-weight and strength-to-weight ratios as well 

as their corrosion resistance. Additionally, titanium alloys exhibit good strength and ductility and 

are recognized for their biocompatibility. It was reported by Murr et al. that Ti-6Al-4V has a 

specific strength of 200 MPa/g/cm3, a density of 4.43 g/cm3, and a melting point of 

approximately 1650 ℃ [25]. While numerous scholars have reported results from tensile testing 

of AM Ti-6Al-4V [23], [24], [26], [27] and some have reported on the fatigue properties [28], 

[29], the research focusing on the results from 4-point flexure tests is somewhat limited. An 

objective catalog and summary of the published literature in this area is presented in CHAPTER 

2. 

1.1.4 Process Planning 

Process plans are critical to the manufacturing process as they link the design and the 

production of a part [30]–[32]. More specifically, process plans are the outline of selected 

operations, tools, and machining conditions and their sequence to fabricate a part [33], [34]. 

Process planning is the development of these plans. If a computer is used to help automate the 

generation of the process plans, this development is called computer-aided process planning 
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(CAPP). In general because of this automation, CAPP systems have been developed for the 

ability to reduce the amount of time needed to plan how a part is produced [35]. 

 In literature, CAPP systems fall into one of two categories, variant and generative. 

Scholars have identified that the variant approach uses existing process plans to generate new 

process plans for similar parts [30]–[32], [34]. This approach relies on the expertise of the user to 

set up new plans and often requires significant manual intervention from the operator. It also has 

been proven as a stable technique for manufacturing environments with part families and reliable 

processes. The generative approach on the other hand is slightly different. According to scholars 

this approach uses process knowledge and decision logic to generate a new process plan based 

on a given geometry [30]–[32], [34]. Within the two categories of CAPP systems there are 

multiple subtypes that describe the various technologies used and developed. These 

subcategories include feature-based technologies, knowledge-based systems, Petri nets (PN), 

agent-based technologies, internet-based technologies, neural networks, genetic algorithms (GA), 

and fuzzy set theory/logic [30]. 

Feature-based approaches are favored in many instances because large varieties of parts 

can be represented by individual features. Features are either specified manually or are 

recognized automatically using a series of rules, topology maps, or the decomposition of 

volumes within the part [30], [34] and are then used for plan generation. Knowledge-based 

systems, as the name suggests, utilize an extensive knowledge base which is structured as a 

series of rules to manipulate or modify a program [30]. The base of information can be fixed 

with input solely from an expert or dynamic such that knowledge can be added as more planning 

is performed. PN are used to represent dynamic process planning logic in a visual and 

mathematical way [30], [36], [37] often by combining other technologies [32]. Here 
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manufacturing systems that are characterized by their concurrency, synchronization, and 

resource sharing phenomenon [30], [36] are modeled with a static net structure in which 

assignment of tokens is used to model the dynamic flow of information and/or resources [37]. 

Agent-based technologies differ from those previously mentioned because multiple cooperative 

intelligent agents are used to develop process plans as opposed to a single large expert system 

approach [38]. The coordination and negotiation between the various agents is what is used to 

address the non-sequential, dynamic requirements of most process planning systems. The 

utilization of the internet for information distribution, process integration, and tool and machine 

selection is what defines internet-based technologies [32], [39]. Neural network process planning 

system do not use a rule-based approach to parse information [30]. Instead they have an adaptive 

learning capability that is meant to model human neuron functioning with the ability to derive 

knowledge and rules with examples and training [30], [32]. Unlike many of the other techniques 

or subclasses these types of systems can tolerate slight input errors and allow 

exceptions/irregularities in the knowledge [30], [32]. GA are used as a means to develop process 

plans by mimicking genetic evolution through offspring creation from information exchange and 

survival of the fittest [30], [40]. The GA approach requires careful structuring and coding, but 

can consider factors in the entire solution space concurrently from operation sequence to tool 

access direction [30], [32]. Finally, the fuzzy set theory/logic approach for process planning 

defines relationships between system inputs and outputs from imprecisely known (i.e. fuzzy) 

goals and constraints [30], [41]. This is done by transforming human knowledge into 

mathematical formulae that would best approximate a real system where all factors are not fully 

known [30]. 
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Of particular interest to this work is the “design-by-feature” approach of feature-based 

technologies. While parts produced using AM can be highly unique, often times, like their 

traditionally manufactured counterparts, they can be defined by individual features. Breaking 

down parts into predefined features can greatly simplify the planning process. This is because 

features are reduced to variables such as location, orientation, and dimension which can be 

produced with a limited number of production techniques [42]. 

1.2 Terminology 

To aid in further discussions in the remainder of this document, this section is used to 

identify fundamental terminology within this work. Table 1.1 is used to define common 

acronyms used, while more complex definitions requiring more explanation are listed in 

subsequent sub-sections. 

Table 1.1: Abbreviations and associated explanations listed in alphabetical order. 

Abbreviation  Explanation 

AM = Additive Manufacturing 

CAD = Computer-Aided Design 

CAPP = Computer-Aided Process Planning 

CNC = Computer Numeric Control 

DASH = Digital Additive Subtractive Hybrid 

DFAM = Design for Additive Manufacturing 

DFMA = Design for Manufacturing and Assembly 

DMLS = Direct Metal Laser Sintering 

DOE = Design of Experiments 

EBM = Electron Beam Melting 

EDS = Energy-dispersive X-ray Spectroscopy 

FIB = Focused Ion Beam 

GA = Genetic Algorithm 

GD&T = Geometric Dimensioning and Tolerancing 

HIP = Hot Isostatic Pressing 

HIP-ChemEtch = HIP-Chemical Etching 

HIP-Electro = HIP-Electrochemical Finishing 

HIP-ISF = HIP-Isotropic Superfinishing  
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Table 1.1 (continued). 

Abbreviation  Explanation 

HIP-Mach = HIP-Machined 

HT = Heat Treatment 

ISF = Isotropic Superfinishing Process 

LoF = Lack of Fusion 

Micro-CT = Micro Computed Tomography 

NC A&T = North Carolina Agricultural and Technical State University 

NCSU = North Carolina State University 

OM = Optical Microscopy 

PBF = Powder Bed Fusion 

PSD = Particle Size Distribution 

PN = Petri Nets 

R = Stress Ratio 

R2 = Coefficients of Determination 

RASP = Rotationally Accelerated Shot Peening 

ROI = UNC Research Opportunities Initiative 

Sa = Arithmetical Mean Height (for surface roughness) 

SEM = Scanning Electron Microscope 

Sku = Kurtosis (for surface roughness) 

SLM = Selective Laser Melting 

Ssk = Skewness (for surface roughness) 

Sz = Maximum Height (for surface roughness) 

TEM = Transmission Electron Microscopy 

XRF = X-Ray Fluorescence Spectroscopy 

YS = Yield Strength 

 

1.2.1 Features 

Many definitions have been used in literature to describe the term ‘features’ [43]–[47]. 

Scholars have specified that features can range from low to high level geometric elements such 

as edges and faces to pockets and bosses [43]–[45]. Other scholars have stated that features are 

user defined abstractions that can take on simple or complex form [46], [47]. Features also have 

been identified using various manual and automated methods [44], [47], [48]. Within this work, 

features are defined as surfaces and volumes that are manually designated, through the selection 
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of individual triangles in a tessellated computer-aided design (CAD) model, with a tolerance 

(typically an ASME Y14.5 specification). 

1.3 Motivation 

Parts made using AM have unique rough surfaces that often prevent the part from 

meeting the desired/required geometric tolerance or mechanical performance for functional 

performance in the aerospace, automotive, and medical industries. For this reason, post-build 

treatments are then often necessary to bring these parts to specification. The effect of these post- 

build treatments can impact the effectiveness of subsequent post-build treatments and the overall 

functionality of the part. The development of guidelines for finishing AM components must 

therefore be a priority if the use of AM for functional part production can be maximized. There 

are however numerous challenges that must be addressed prior to developing a comprehensive 

series of general guidelines, more than are even practical to address in a single dissertation. 

Therefore, the scope of this work is focused on the limitations associated with understanding 

how certain post-build treatments affect the fatigue behavior of metal parts produced with AM. 

Further discussion of this selection of focus is described later in CHAPTER 2. This dissertation 

is motivated by the need to address the following areas. 

1.3.1 Characterization of Post-build Modifications 

As described in Section 1.1.2 , post-build treatments can take a variety of different forms 

and can uniquely affect the resulting surface of the part they are performed on. Some treatments 

can perform smoothing of peaks and valleys on the surface while others can cause coarsening. 

Other treatments can create subsurface hardened layers, while others aim to relieve internal 

stresses. Regardless of change that is made it is important to characterize how each treatment 
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affects the subjected part. What defines a part and how is it measured? In this characterization 

step it is important to develop a detailed protocol for characterizing the effects of post-build 

treatments. 

1.3.2 Relationship between Post-build Modifications and Fatigue Performance 

In traditional manufacturing practice, surface roughness is known to be directly related to 

the fatigue performance of a component. This is not expected to be any different for parts 

produced by EBM; however, this manufacturing technique also introduces numerous factors, 

such as internal porosities and unique surface textures, to further complicate the relationship. 

When post-build treatments are applied to AM parts, the effect on expected mechanical 

performance is unknown. Characterization of this relationship is critical to how metal AM is 

used for functional applications. 

1.3.3 Relationship between Build Orientation and Fatigue Performance 

For metal components, the basic manufacturing process used to establish the initial part 

geometry has a strong correlation to the initial microstructure. While the microstructure is 

primarily determined by the chemical composition of the metal, factors like cooling rates during 

solidification, can potentially have a significant effect on the final microstructure. Metal AM is 

understood to aid in the development of anisotropic microstructure due to the rapid cooling rates 

and directional solidification [21], [22]. The effect of build orientation on mechanical properties 

has been of interest to many scholars [21], [23], [24], however there is no conclusive results for 

the relationship between build orientation and four-point flexure fatigue behavior.  
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CHAPTER 2 - Literature Review 

This chapter presents an overview of the literature related to this dissertation. Its 

objective is to provide a broad representation of related work and to identify common research 

themes and areas for future work. Section 2.1 begins with a brief summary of common design 

guidelines for AM. Section 2.2 contains a review of general mechanical testing conducted on 

metal AM with specific attention given to fatigue testing studies. Also, in this section an 

overview of characterization techniques and factors of interest in fatigue testing are identified. 

Finally, Section 2.3 provides a discussion and a summary of the information presented in this 

chapter. 

2.1 Design Guidelines in Additive Manufacturing 

The practice of designing and systematically optimizing components to facilitate ease of 

their production and final assembly is known as design for manufacturing and assembly 

(DFMA). This practice is typically aimed at developing the most functional product design while 

at the same time reducing costs by understanding the relationship between the manufacturing and 

design processes [16], [49]. DFMA provides general principles and guidelines which act as tools 

for designers/engineers to use in product design. These guidelines are oftentimes nebulous 

because of (1) the need for generalizability across all manufacturing processes and (2) the 

complex balance of constraints associated with development of components for all 

manufacturing applications; however, it is important to synthesize these into series of lists and 

methodologies so that such principles can be practically implemented. Numerous scholars have 

attempted to do this [16], [49]–[56]. Some scholars have given description of high-level topics or 

procedural methodologies [49]–[51] while others have chosen to more simply list universal 
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guidelines [16], [52]–[56]. A collection of some of these guidelines can be found below in Table 

2.1. 

Table 2.1: Compiled list of DFMA principles and guidelines. 

Principles and Guidelines 

• Maximize use of commercially available components [16], [52], [54] 

• Use standard parts across product lines [16], [52]–[54] 

• Design for ease of part fabrication [16], [52], [54]–[56]  

• Design parts with tolerances that are mindful of process capability [16], [54]–[56]  

• Design the product and assembly to be foolproof [16], [52]–[54], [56]  

• Minimize use of flexible components [16], [54]  

• Design for ease of assembly using simple movement patterns [16], [52]–[54]  

• Design for efficient fastening and joining [52]–[54], [56]  

• Use modular design [16], [52], [54]  

• Shape products and parts for ease of packaging [16]  

• Reduce or eliminate adjustment required [16], [54] 

 

While DFMA is justifiable in many instances for AM, because it is a manufacturing 

process, the unique layer-wise manner of AM imposes a different series of constraints and 

therefore requires a set of distinct guidelines for AM specifically [49], [57]–[65]. Currently there 

is a growing body of literature focusing on the development of rules and principles used to 

design components for fabrication with additive technologies. This practice is known as design 

for additive manufacturing (DFAM) [49], [57]–[68]. Like DFMA, the DFAM principles and 

guidelines must incorporate many, sometimes competing or conflicting, factors shown in Table 

2.2. 
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Table 2.2: Compiled list of factors to consider in DFAM. 

Factors 

• Selection of build orientation 

• Manufacturability of features (sharp corners, overhangs, internal channels, etc.) 

• Reduction of part count 

• Distance from build platform and other parts in build envelope 

• Design of support structures 

• Removal of support structures 

• Density of parts 

• Pattern of material deposition/consolidation 

• Thermal expansion/shrinkage of parts during and after build 

• Stresses incurred during material solidification 

 

To address these factors scholars have focused DFAM research efforts in three different 

categories [58]. First, some scholars focus on developing new approaches to improving the AM 

technologies themselves to achieve better tolerances or develop new materials. The second group 

of literature proposes methods to incorporate DFAM into the larger design process for part 

development. Lastly, there are other scholars that have aimed to generate rules that would be 

used to help in the creation and manufacturing phases. While each are important this dissertation 

work intends to focus on the last of these three groups. In this literature several guidelines were 

described and are reported in Table 2.3.  
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Table 2.3: Compiled list of DFAM principles and guidelines. 

Principles or Guidelines 

• Select part orientation for improving surface finish [58], [60], [65], [67], [69]–[71]  

• Selection of build orientation for mechanical strength [58], [60], [67], [69], [72], [73] 

• Choosing processing parameters to obtain desired infill/hatch/density in parts 
[58], [64], [71] 

• Minimization of material usage [58], [64], [71] 

• Reduce number of parts for assembly purposes [58], [61], [64], [67], [71], [72] 

• Design interlocking features with tolerances suitable for AM [58], [64], [67], [71] 

• Minimize support structures / Reduce witness marks from support structures 
[58], [67], [70], [71] 

• Eliminate sharp edges [58], [67], [74] 

• Minimize length of overhangs [58], [67], [70], [74] 

• Minimize build height [58], [67], [74] 

• Incorporate identification marks for quality control [58], [71] 

• Utilize material compositions and multi-material designs [61], [64] 

 

Within the literature reported here the overarching objective is to provide designers and 

operators a consistent approach to applying expert knowledge when developing and 

manufacturing parts and products using AM. While these principles are useful many of them just 

are not easily applied by those without experienced backgrounds and only a small grouping 

addresses how AM impacts the mechanical performance of the final products. To help make 

DFAM principles more accessible for novices to AM, some scholars like Booth et al. have 

attempted to express the information through creation of DFAM worksheets and the like [58]. 

Few scholars have mentioned considerations for mechanical performance in the DFAM 

guidelines, however the scope of this incorporation is generally rather limited to build 

orientation. Of this pool of research there is little mention of the impact post-build treatments 

have on parts made with AM. While there have been significant efforts to develop methods for 

improving AM parts after they have been manufactured [75]–[82] these works have yet to 

incorporate these techniques and approaches into the DFAM guidelines. Therefore, as part of this 
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dissertation work, focused efforts will be made to address this gap. Further details about the 

proposed approach to achieve this is given in later sections. 

2.2 Mechanical Testing of Additively Manufactured Components 

In this section, articles pertaining to assessment of the performance of additively 

produced Ti-6Al-4V are reviewed. An overview of the various AM processing parameters is first 

provided along with a description of the observed part characteristics, such as microstructure, 

material defects, and density. The conditions for post treatment procedures is then described 

along with the effects of these processes on the AM material. Finally, the published fatigue data 

will be introduced and analyzed. 

2.2.1 Build Parameters 

The fatigue behavior of AM Ti-6Al-4V has been reported for several AM processes [28], 

[29], [54], [83]–[112]. As reported here some scholars manufactured the samples for their studies 

using the DMLS, SLM, and EBM processes. Several studies examined here used the SLM 

process [54], [85], [87], [89], [90], [93], [97], [98], [100], [102], [111]. Within SLM, a laser is 

used to selectively melt a layer of powder over the cross-sectional area in the layer being 

constructed [54], [85], [87], [89], [98]. Afterwards another layer of powder is spread across the 

previous layer in the powder bed and the melting process is repeated for the next layer [87], [89]. 

In SLM it is typical that the build chamber, where manufacturing occurs, is filled with inert gas 

[54], [93]. Table 2.4 shows some of the common process parameters reported for SLM 

processes; however, it is important to note that these values may only be what is used as input to 

the machine and not what is actually observed in the build chamber. The DMLS process is 

essentially the same as the SLM process procedurally and in process conditions. Primarily the 
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difference between the two processes is that DMLS is a process name coined by the EOS brand. 

Several studies are presented that utilize DMLS [84], [91], [92], [99]–[101], [103], [107], [108], 

[110], [112] and the reported process parameters from these studies can be seen in Table 2.4. 

Several of the fatigue studies as part of this review have investigated the use of the EBM 

process [28], [29], [86], [88], [91]–[93], [95], [96], [99], [102]–[105], [107], [110]–[113]. The 

layering process of the EBM system is similar to that of the SLM process with full melting 

occurring during the layering, however instead of a laser being used as the source of energy a 

beam of electrons is implemented. Additionally, during manufacturing the build chamber is held 

at highly elevated temperatures under high vacuum [88], [93], [99], [102], [105], [113]. Faster 

build times are also achievable due to deposition of thicker layers as opposed to the SLM and 

DMLS processes [99]. Because thicker layers can also be applied, this also means that larger 

powder particle sizes can be used and that there is lower probability of surface impurities from 

oxidation impacting the final component [99]. The elevated temperatures in EBM have also been 

noted to help relieve residual stresses [88], [93], [95], [99], [113]. The parameters that were 

reported in the presented studies can be seen in Table 2.5. 
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Table 2.4: SLM and DMLS process parameters for fatigue specimens. 

Process 
Source 

# 

Machine 

System 

Raw 

Material 

Beam 

Power 

(W) 

Powder 

Size 

(µm) 

Scan Speed 

(mm/s) 

Scan 

Strategy 

Layer 

Thickne

ss (µm) 

Hatching 

Spacing 

(µm) 

Energy 

Density 

(J/mm3) 

Hatch 

Rotati

on 

(deg.) 

Beam/Spot 

Size (µm) 

SLM 

[54] MTT 250 Ti-6Al-4V 200 30* 200 N 50 180 11.1 x 10-5 N N 

[85] ProX 300 
Ti-6Al-4V 

ELI 
500 9* N N 10-50 N N N N 

[87] 
SLM 

250HL 
Ti-6Al-4V N N N N 50 N N N N 

[89] 
ProX 

DMP 200 
Ti-6Al-4V 300 28.6* 1800 N 30 85 79.4 N 70 

[93] 
SLM 

250HL 
Ti-6Al-4V 175 20-63 710 N 30 120 N N N 

[97] 
Concept 

Laser M2 
Ti-6Al-4V 

110, 

200 
22-46 

850, 1000, 

1250, 1500 
N 40 N N N 150-250 

[98] 
SLM 

250HL 
Ti-6Al-4V 400 40* N N 30 N N N N 

[102] 
SLM 

250HL 
Ti-6Al-4V 400 40* N N 30 N N N N 

[111] N Ti-6Al-4V N N N N N N N N N 

DMLS 

[84] 
EOS 
M270 

Ti-6Al-4V N 44* 1200 N N N 54.3 N 80 

[91] 
EOS 

M280 
Ti-6Al-4V 370 N ≤7000 shell-core 60 N N 30 N 

[92] 
EOS 

M280 
Ti-6Al-4V 370 N N shell-core 60 N N 30 N 

[100] 
EOS 

M280 
Ti-6Al-4V N 15-45 N N 30 N N N 100 

[107] N Ti-6Al-4V N 40* N N N N N N N 

[108] 
EOS 

M290 
Ti-6Al-4V 220 N 756 N 40 110 N 67 N 

[110] N Ti-6Al-4V N 40* N N N N N N N 

[112] N Ti-6Al-4V N 40* N N N N N N N 

[114] 
EOS 

M290 

Ti-6Al-4V 

ELI 
400 25-45 N shell-core 60 N N N N 

(N = not reported, * = reported average) 
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Table 2.5: EBM process parameters for fatigue specimens. 

Process 
Source 

# 

Machine 

System 

Raw 

Material 

Software 

Theme 

Number 

Layer 

Thickness 

Theme 

Beam 

Power 

(W) 

Powder 

Size 

(µm) 

Scan 

Speed 

(mm/s) 

Scan 

Strategy 

Layer 

Thickness 

(µm) 

Hatching 

Spacing 

(µm) 

Acceleration 

Voltage (kV) 

Beam 

Current 

(mA) 

Speed 

Factor 

Hatch 

Rotation 

(deg.) 

EBM 

[23] 
Arcam 

A2 

Ti-6Al-4V 

ELI 
3.2 N N 45-150 N N 50 N N N N N 

[29] 
Arcam 

S12 
Ti-6Al-4V 

3.2.114.1

3836 
N N 70* N N 70 N 60 N 35 N 

[88] 
Arcam 
A2X 

Ti-6Al-4V 3.2.132 3.2.121 N 59-60* N N 50 N N N N N 

[91] 
Arcam 

A2 
Ti-6Al-4V N N 

50-

3500 
N 

≤8 x 

106 
shell-core 50 N N N N 

0, 90 

(alternating) 

[92] 
Arcam 

A2 
Ti-6Al-4V N N N N N shell-core N N N N N 

0, 90 

(alternating) 

[93] 
Arcam 

A2X 
Ti-6Al-4V N N N 45-100 4530 N 50 100 60 21 N N 

[95] 
Arcam 

S12 
Ti-6Al-4V 

3.2.114.1
3836 

N N 70* N N 70 N 60 N 35 N 

[96] 
Arcam 

A2 

Ti-6Al-4V 

ELI 
N N N N 400 N N 240 60 6 N N 

[102] 
Arcam 

A2X 
Ti-6Al-4V N N 3000 N N N 50 N N N N N 

[104] 
Arcam 

A2 

Ti-6Al-4V 

ELI 
N N N 40-105 N N N N N N N N 

[105] 
Arcam 
A2X 

Ti-6Al-4V N N 
240-
1260 

45-100 500 N N N N N N 
0, 90 

(alternating) 

[107] N Ti-6Al-4V N N N 80* N N N N N N N N 

[110] N Ti-6Al-4V N N N 80* N N N N N N N N 

[111] N Ti-6Al-4V N N N N N N N N N N N N 

[112] N Ti-6Al-4V N N N 80* N N N N N N N N 

[113] 
Arcam 

Q10 
Ti-6Al-4V 5.0.104 N N 81.78* N 

multi 

spot 
50 200 60 28 N N 

[114] 
Arcam 

A2 

Ti-6Al-4V 

ELI 
N N N 25-45 N 

shell-

core 
50 N N N N 

0, 90 

(alternating) 

(N = not reported, * = reported average) 
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2.2.2 Microstructure 

It is clearly established from the literature that microstructure of a material can have 

significant influence on the fatigue performance of that material. Scholars such as Chastand et 

al., have also stated that the microstructure of a material is strongly dependent upon the means it 

is manufactured and post-processed [87]. For these reasons specific attention was given in the 

literature to the microstructure of AM Ti-6Al-4V. Regardless of the particular process the 

products of the AM process are noted to exhibit anisotropic grains [21]–[23], [26], [28], [54], 

[83], [85]–[87], [99], [101], [103]–[106], [108], [111], [113]–[116]. This characteristic is due to 

the directional nature of the AM layering process. This directionality is observed in that the prior 

β grains are aligned with the build direction towards the center of the component, and are aligned 

perpendicular to the build direction nearer the parts exterior surface. Selection of build 

parameters can impact the developed microstructure, however because no one set of build 

parameters can be identified from the literature this is not emphasized in the remainder of this 

review. From the literature AM Ti-6Al-4V is also expected to have a α + β phase Widmanstätten 

or basket-weave pattern [23], [27]–[29], [83], [86]–[88], [95], [97], [104], [105], [113]–[118]. 

Some scholars also reported that the rapid cooling during layer formation in the AM process can 

produce fine martensite which can influence the fatigue process [22]–[26], [85], [86], [90], [97], 

[99], [103], [105], [116], [119]. Additionally, when comparing the various AM technologies, the 

literature reports that the SLM and DMLS processes have finer microstructures as opposed to 

EBM processes [54], [114], [119]. Because the chamber is heated in the EBM process it 

inherently has smaller cooling rates and therefore will cause the resultant material to consist of 

larger grains and phase structures. 
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2.2.3 Defects 

As with any material processing technique, associated with it are inherent defects. In AM, 

the literature identifies five primary types of internal defects that can reduce fatigue performance 

by initiating premature failure in finished components. These defects include (1) porosities, (2) 

lack of fusion (LoF), (3) surface defects, (4) contamination defects, and (5) α-phase defects [21]–

[23], [26], [29], [54], [83]–[93], [95], [97]–[108], [110], [111], [113]–[116], [118], [120]. 

Porosities often are caused by entrapped gas from either the starting material or entrapment 

during the fusion in the layering process [21]–[23], [29], [54], [83]–[93], [95], [97]–[108], [113], 

[114], [116], [118], [120]. LoF defects are noted to occur because of disturbances or instabilities 

during the AM process [21]–[23], [26], [54], [83], [85]–[87], [90], [93], [95], [97], [98], [100]–

[104], [106]–[108], [113]–[116]. This type of defect is related to un-melted regions of powder 

that can be caused by improper build parameter selection [21]–[23], [26], [93], [95], [101], [115], 

[116], process instability [23], [87], [95], [98], or powder particles that fall into the melted cross-

sectional area in the build layer. In addition, scholars have observed that surface defects are also 

common in the AM process [54], [87], [90], [93], [100], [108], [121]–[123]. While no names 

were associated to specific types of surface defects the rough surface produced by the AM 

process is a common cause of failure initiation. Defects resulting from contamination in the raw 

powder itself from powder handling and/or powder production or contamination within the part 

fabrication also have been associated with the AM process [88], [98], [107]. The final defect that 

was found to be reported in literature is defects in the α-phase of the α + β microstructure of Ti-

6Al-4V [93], [102]. These defects while can be influenced by processing strategies, they are 

material dependent and will not be a main focus of the remainder of this work. Scholars have 
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noted that modification of build parameters and strategies may be able to reduce the occurrence 

of the aforementioned defects, however additional post-treatments may be required as well. 

2.2.4 Post-build Treatments 

Components produced via AM processes often fail to meet application specific 

specifications for geometric dimensions and tolerances as they come directly from the machine. 

For this reason, additional post-processing or post-finishing treatments are often required to 

bring the part into specification for final use. In the literature thermal treatments and mechanical 

and chemical surface treatments are commonly employed. 

2.2.4.1 Heat Treatment and Hot Isostatic Pressing (HIP) 

Heat treatment (HT) is a type of processes that typically use cycles of heating and cooling 

to a variety of temperatures. Heat treatment processes, such as annealing and hot isostatic 

pressing (HIP), have been utilized in industry for years on traditionally manufactured materials, 

such as castings and forgings, to alter the physical and sometimes chemical properties of the 

material. It can be employed to (1) stress relieve parts, (2) achieve certain ductility and 

machinability, (3) increase strength, and (4) optimize fracture toughness and fatigue strength 

[81]. In the case of AM materials, scholars use heat treatment not only because it is common 

practice in industry, but some do so because it is noted to help ‘heal’ or close defects from the 

AM process [26], [29], [85], [87]–[93], [95], [97]–[99], [101], [103], [105], [107], [108], [110], 

[113], [124]–[127]. The impact of defect reduction on the fatigue performance will later be 

discussed in this review. 
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In the literature there was no one treatment that was consistently used across the studies, 

however stress relieving HT and HIP treatments were the most noted. The main factor that 

differentiates these two processes is primarily the atmosphere in which the treatment is 

performed. For example if pressure is applied to the parts during treatment this would be HIP 

and if no pressure was applied it would be considered HT. Heat treatments were reported by 

several authors [29], [84], [85], [87], [88], [92], [93], [95], [97], [98], [102], [103], [105], [107], 

[108], [112], [119], [124]–[126] and HIP treatments were used by several authors [23], [26], 

[28], [29], [83], [85], [89]–[93], [95], [97]–[99], [101]–[103], [105]–[108], [110]–[112], [122], 

[124], [125], [127]–[130]. A summary of the property enhancing parameters used within the 

experimental fatigue studies found in literature can be seen in Table 2.6. 

As a whole, no noticeable differences between as-built, HT, and HIP surfaces were 

reported in the literature that indicates that there was a change in surface texture or roughness 

caused by HT or HIP. Authors did note that changes to the microstructure was observed in 

samples that underwent HT and HIP [26], [29], [85], [87]–[92], [95], [97]–[99], [103], [105], 

[107], [107], [108], [119], [124]–[127], but parameters could be selected such that significant 

changes could be avoided [26], [93], [102]. This coarsening was noted by a thickening of the 

lamellar α-laths, or α- platelets, in the tight Widmanstätten texture [26], [87], [88], [93], [95], 

[97], [98], [103], [119], [124]–[127]. Additionally, HIP processes were also reported to cause a 

reduction in the tensile and yield strength of the Ti-6Al-4V [26], [95], [97], [98], [103], [119], 

[124]–[127] which relates to the ductility improvements that were noted [26], [87], [98], [103], 

[119]. Some authors however did report experiments which aimed to optimize HIP parameters 

for AM [125], [127]. For EBM Ti-6Al-4V it was found that full pore closure could be achieved 
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if a HIP pressure of 200 MPa was used for two hours at a HIP temperature of around 800 °C 

[125], [127]. 

Table 2.6: Heat treatment parameters for fatigue specimens. 

Citation 

# 

Treatment 

Type 

Duration 

(hr.) 

Temperature 

(C) 
Atmosphere Cooling 

[28] HT 30 1,100 Argon Furnace cooled with rate of 0.06 C/s 

[29] 
HT 5 650 N Furnace cooling 

HIP 2 900 1000 bar + Argon 12 C/min heating and cooling 

[83] HT 2 704 N Furnace cooled to below 538 C 

[84] HT + HIP 
HT: 4 

HIP: 2 

HT: 540 

HIP: 810 

HT: Vacuum 
HIP: 2000 bar + 

Inert Gas 

HT: Argon cooling 

HIP: N 

[85] 

HT 5 670 Argon N 

HT + HIP 
HT: 5 
HIP: 2 

HT: 670 
HIP: 920 

HT: Argon 
HIP:1000 bar 

N 

[87] 

HT 4 650 N N 

HT + HIP 
HT: 4 

HIP: 2 

HT: 670 

HIP: 920 

HT: N 

HIP: 1020 bar 
N 

[89] HT 1 940 N Furnace cooling with argon and 2 hr. at 650 C 

[90] HT 1 700 Argon Free convection air-cooling room-temp 

[91] HT 2 710 Vacuum Furnace cooling with argon 

[92] 
HT 2 710 Vacuum Argon cooling 

HIP 2 920 1000 bar + Argon N 

[93] 
HT 2 800 Argon N 

HT + HIP 2 920 1000 bar + Argon N 

[95] 
HT 5 650 Air Furnace cooling 

HIP 2 900 1000 bar + Argon 12 C/min heating and cooling 

[97] 

HT 1 700 N Cooling rate 10 K/min 

HT-A + 
HT-B 

HT-A: 2 
HT-B: 1 

HT-A: 900 
HT-B: 700 

HT-A: N 
HT-B: N 

HT-A: N/A 
HT-B: Cooling rate 10 K/min 

HIP + HT 
HIP: 2 

HT: 1 

HIP: 900 

HT: 700 

HIP: 1000 bar + 

Argon 
HT: N 

HIP: N/A 

HT: Cooling rate 10 K/min 

[98] 

HT 2 800 Argon N 

HT 2 1050 Vacuum N 

HIP 2 920 1000 bar + Argon N 

[102] 

HT 2 800 N N 

HT N 1050 N N 

HIP 2 920 1000 bar + Argon N 

[105] 
HT 2 920 No pressure N 

HIP 2 920 1000 bar + Argon N 

[106] HT 1 704 N Free convection air-cooling room-temp 

[107] HIP 2 920 1000 bar Furnace cooled 

[108] 
HT 1 700 Argon Free convection air-cooling room-temp 

HIP 3 920 1000 bar N 

[110] HIP N N N N 

[111] HIP 2 920 1200 bar N 

[112] 
HT N N N DMLS parts only 

HIP 2 920 1000 bar Furnace cooled 

(N = value was not reported, HT = heat treatment, and HIP = hot isostatic pressing) 
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2.2.4.2 Surface Treatments 

Primarily the surface treatments performed on metal AM components outlined in this 

literature review are mechanical in nature, consisting of milling, turning, blasting, peening, 

grinding and polishing [22]–[24], [27], [28], [28], [54], [83]–[90], [93], [95]–[97], [99], [100], 

[102], [103], [105]–[108], [110]–[113], [117], [121]–[123], [126], [128], [129], [131]–[133]; 

however, some studies employed chemical treatments [84], [85], [121]. It is important to note 

that based on the definitions from Section 1.1.2 HT and HIP are not intended to alter the surface 

and therefore they are not considered surface treatments here. 

The majority of the studies included here reported that post machining was performed to 

(1) reduce the surface roughness and minimize the impact of the surface effects on the fatigue 

results as well as (2) achieve the final dimension of the fatigue specimens [23], [24], [27], [28], 

[54], [83], [84], [87]–[90], [93], [95]–[97], [99], [100], [102], [103], [105]–[108], [110]–[113], 

[117], [121], [126], [133]. The other treatments in the experimental studies represented were 

completed to help define the relationship of surface effects and fatigue life. Table 2.7 

summarizes the surface treatment parameters and Table 2.8 outlines the measurement techniques 

used to quantify surface roughness reported for the literature. 

It can be seen that few studies referenced standards for surface treatment. Those studies 

that quantified the surface, reporting Ra, Rq, Rz, Rt, Rmax, Sa, Sp, Sv, and/or Srms values, used 

various methods of measurement. Some authors choose to use contact profilometers [54], [84], 

[85], [89]–[91], [114], [123], [128], optical profilometers [100], [111], [112], or laser scanning 

confocal microscopes [23], [121] to analyze the surface roughness, however some scholars did 

not report how their roughness values were obtained [83], [87], [88], [107], [108], [110], [129]. 
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Other scholars who performed surface treatments did not report values making it difficult to 

compare results. Many scholars performed analytical surface characterizations with a scanning 

electron microscope (SEM) or other techniques to note how the surface topography changed 

after surface treatment; however, no comments were made on how such treatments affected the 

microstructure. 

Table 2.7: Surface treatment parameters for test specimens. 

Citation 

# 
Treatment Type Treatment Conditions 

[23] Machining ASTM E8/E8M 

[24] EDM Machining N 

[27] Machining N 

[28] Machining + EDM ASTM E647; EDM Thickness: 0.254 mm 

[54] 
As-built - None N 

Machining + Polishing Machining/Polishing to Achieve 2.5 µm or better 

[83] Machining + Polishing To achieve 0.2 µm 

[84] 

As-built - None N 

Machining DIN EN 6072 

Al2O3 Blasting 
Aerospace Standard; Ceramic Shot (Al2O3) Dp50: 0.5-1.0 mm & Sharp-edged; Angle of 
Impingement: 45 deg.; Distance to Sample: 50 mm; Atmosphere: 5 bar; Duration: 2 min 

per side (<5 min per sample) 

Vibratory Grinding 
Fluid/Abrasive Compound for Ti64 (Coarse and Fine Abrasives) 
Duration: (Coarse media: 39 hr.; Fine media: 9 hr.) 

Micro-machining 

(BestInClass) 
Duration: 50 hr. 

[85] 

As-built - None N 

Tribofinishing Aqueous Medium with Granulates and Surfactant Additives 

Tribofinishing + Shot 

Peening 

Peening: Shot Comp. (67% ZrO2 + 31% SiO2); Size (300 ÷ 425); Shot Hardness (HV1: 

700); Almen Intensity: 6.4A; Angle of Impingement: 90 deg.; Coverage: 200% 

Tribofinishing + 

Electropolishing 

Polishing: Ethyl Alcohol (700 ml/L) + Isopropyl Alcohol (300 ml/L) + Aluminum 

Chloride (60 g/L) + Zinc Chloride (250 g/L) + Platinum Cathode; 30 °C; 70 V; 2.0 
kA/m2; Rotation: 90 deg. every 10 min; Duration: 30 min 

[87] 

As-built - None N 

Machining + Vibratory 

Finishing 
ISO 1099 

[88] Machining N 

          [89] 

As-built - None N 

Machining (Turning & 

Milling) 

Turning: v = 150 m/min; fr = 0.15 mm/min; d = 0.6 mm 

Milling: v = 80 m/min; fr = 0.1 mm/tooth; Tilt Angle = 45 deg.; d = 0.3 mm; Tool 
Engagement = 0.3 mm 

Machining (Turning) + 

Polishing 

Turning: v = 150 m/min; fr = 0.15 mm/min; d = 0.6 mm 

Polishing: Manually; 30, 9, 6, 3 µm 

[90] 
As-built - None N 

Machining + Polishing ASTM E2207; Polishing: 30, 12, 3 µm Lapping Paper 

[91] 
EBM As-built - None N 

DMLS As-built - None N 

[93] 

Machining (Turning) N 

Machining (Turning) + 
Polishing 

Polishing: 3 µm 

[95] Machining ASTM E8/E8M and ASTM E466 

[97] 
As-built - None N 

Machining + Polishing N 

[98] Machining N 

(N = not reported) 
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Table 2.7 (continued). 

Citation 

# 
Treatment Type Treatment Conditions 

[100] 
As-built - None N 

Machining + Polishing Polishing: With Emery Paper 

[102] Machining + Polishing N 

[104] Machining + Polishing Polishing: P280 SiC Paper 9, 3, 1 µm Cloth Using MetaDi Supreme Diamond 

[105] Machining + Polishing Polishing: 3000 grit Emery Paper 

[106] Machining + Polishing ASTM E606-92 

[107] 

EBM As-built - None N 

EBM Machining + 

Polishing 
Polishing: 600 grit Emery Paper 

DMLS As-built - None N 

DMLS Machining + 

Polishing 
Polishing: 600 grit Emery Paper 

[108] 
As-built - None N 

Machining + Polishing Polishing: Sandpaper 

[110] 

EBM As-built - None N 

EBM Machining + 

Polishing 
Polishing: 600 grit Emery Paper 

DMLS As-built - None N 

DMLS Machining + 
Polishing 

Polishing: 600 grit Emery Paper 

[111] 

EBM As-built – None N 

EBM Machining N 

SLM As-built – None N 

SLM Machining N 

[112] 

EBM As-built - None N 

EBM Machining + 

Polishing 
Polishing: 600 grit Emery Paper 

DMLS As-built - None N 

DMLS Machining + 
Polishing 

Polishing: 600 grit Emery Paper 

[113] Machining + Polishing Polishing: SiC paper + 0.04 µm Colloidal Silica Suspension 

[114] 
EBM As-built - None N 

DMLS As-built - None N 

[117] EDM Machining N 

[121] 

Machining + Polishing Polishing: 600, 800, 1200 SiC Paper + 3 & 1 µm Diamond Paste 

Etching (HCl) 
HCl Solution: pH < 2; 60 °C; Duration: 30 min 

After etch immersed and sonicated in DI water 10 min + acetone 10 min 

Etching (HCl + NaOH) 
HCl Solution: pH < 2; 60 °C; Duration: 30 min 
NaOH Solution (45 mL NaOH 10 mol*L-1): pH >13; 60 °C; Duration: 24 hr. 

After etch immersed and sonicated in DI water 10 min + acetone 10 min 

[122] EDM + Shot Peening 
Peening: Stainless Steel Shot (3 mm diameter); Velocity: 40 m/s; Room Temp; 

Duration: 15 min, 30 min, 45 min, 60 min 

[123] 

As-built - None N 

Shot Peening 
SAE AMS2430S; S230 Steel Shot (0.6 mm diameter); Atmosphere: 3.5-5.5 bar; Angle 

of Impingement: 90 deg.; Coverage: 100%; Duration: 60 s 

[126] Machining (Turning) 
v = 50 m/min; f11&13 = 0.08 mm/rev; f12 = 0.12 mm/rev; Single Pass; Machine: Weiller 
E35 (spindle max speed 3000 RPM, spindle power 11 kW) 

[128] 

Globular: Machining + Shot 
Peening 

Ceramic Shot (65% ZrO2, 35% SiO2): 850 µm; Atmosphere: 3 bar; Distance to Sample: 

90 mm; Almen Intensity: 0.22 mAA; Coverage: 100%; Duration: 40 (no Units) 

Ceramic Shot (65% ZrO2, 35% SiO2): 450 µm; Atmosphere: 5 bar; Distance to Sample: 
90 mm; Almen Intensity: 0.22 mAA; Coverage: 100%; Duration 40 (no Units) 

Ceramic Shot (65% ZrO2, 35% SiO2): 125-250 µm; Atmosphere: 7.5 bar; Distance to 

Sample: 90 mm; Almen Intensity: 0.22 mAA; Coverage: 100%; Duration: 45 (no Units) 

Duplex: Machining + Shot 

Peening 

Ceramic Shot (65% ZrO2, 35% SiO2): 850 µm; Atmosphere: 3 bar; Distance to Sample: 
90 mm; Almen Intensity: 0.22 mAA; Coverage: 100%; Duration: 40 (no Units) 

Ceramic Shot (65% ZrO2, 35% SiO2): 450 µm; Atmosphere: 5 bar; Distance to Sample: 

90 mm; Almen Intensity: 0.22 mAA; Coverage: 100%; Duration 40 (no Units) 

Ceramic Shot (65% ZrO2, 35% SiO2): 125-250 µm; Atmosphere: 7.5 bar; Distance to 
Sample: 90 mm; Almen Intensity: 0.22 mAA; Coverage: 100%; Duration: 45 (no Units) 

(N = not reported) 
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Table 2.7 (continued). 

Citation 

# 
Treatment Type Treatment Conditions 

[129] 
Machining + Deep Rolling Atmosphere: 150 bar; Rolling Element Diameter: 6.6 mm; f = 0.1125 mm/rev 

Machining + Shot Peening Power Density: 7 GW/cm^2; Coverage: 200% 

[131] Shot Peening 
Stainless Steel Shot (3 mm diameter); Velocity: 60 m s-1; Room Temp; Duration: 30 

min per side 

[132] 
EDM + Polishing + Shot 
Peening 

Polishing: 320, 500 SiO2 Emery Paper 

Peening: Hydroxyapatite Shot; Atmosphere: 6 bar; Distance to Sample 50 mm; Direct 

Pressure Type; Room Temp; Duration: 1s, 10s, 20s, 30s 

[133] 
Machining + Polishing + 

Shot Peening 

Peening: Ceramic Shot (Al2O3): 0.3 mm; Atmosphere: 5.5 bar; Distance to Sample: 100 
mm; Almen Intensity: 0.2 mmA; Coverage: 100%; Nozzle Diameter: 15 mm; Duration: 

30 s 

(N = not reported) 

 

Table 2.8: Roughness for surface treatment. 

Citation 

# 
Treatment Type Average Surface Roughness (µm) / Roughness Standard 

Surface Measurement 

Technique 

[23] Machining Sa (45.7); Sp (174); Sv (163) 
Olympus LEXT OLS4100 3D 

Laser Scanning Confocal 

Microscopy 

[54] 
As-built - None 

X: Ra (32.0); Rq (39.5); Rz (162.6); Rt (198.1); Rmax (194.1) MahrSurfXR20 Contact 

Profilometer 
(probe stylus radius = 2 mm, 

cut-off length of 0.8mm) 

Y: Ra (30.3); Rq (37.7); Rz (155.1); Rt (197.7); Rmax (187.7) 

Z: Ra (38.5); Rq (47.4); Rz (179.9); Rt (235.5); Rmax (220.3) 

Machining + Polishing Ra (0.89); Rq (1.2); Rz (8.1); Rt (10.9); Rmax (10.5) 

[83] Machining + Polishing Ra (0.2) N 

[84] 

As-built - None Ra (17.9 ± 2.0); Rz (121.9 ± 12.6); Rt (141.7± 11.7) 

Bruker Dektak XT 

Profilometer 

Machining Ra (0.3 ± 0.1); Rz (1.9 ± 0.8); Rt (2.9 ± 1.5) 

Al_2O_3 Blasting Ra (10.1 ± 0.2); Rz (73.4 ± 5.7); Rt (90.5 ± 6.2) 

Vibratory Grinding Ra (0.9 ± 0.7); Rz (8.1 ± 5.4); Rt (17.4 ± 10.5) 

Micro-machining 

(BestInClass) 
Ra (0.4 ± 0.3); Rz (4.1 ± 3.5); Rt (9.5 ± 8.0) 

[85] 

As-built - None Ra (6.83); Rz (38.40); Rmax (43.85) 

Contact Profilometer 
(scan length = 4 mm 

longitudinally with sample) 

Tribofinishing Ra (4.96); Rz (28.10); Rmax (35.20) 

Tribofinishing + Shot 

Peening 
Ra (3.36); Rz (16.48); Rmax (20.05) 

Tribofinishing + 
Electropolishing 

Ra (0.54); Rz (2.66); Rmax (4.41) 

[87] 

As-built - None N N 

Machining + Vibratory 

finishing 
Ra (~0.2) N 

[88] Machining Ra (1.6) N 

[89] 

As-built - None 

Reported as 2D profiles 

TalySurf50 Contact Profiler 

(scan length = 5.6 mm, cut off 

length = 0.8mm) 

Machining (Turning & 

Milling) 

Machining (Turning) + 
Polishing 

[90] 
As-built - None Ra (15.45) 

Mahrsurf PS1 
Machining + Polishing Ra (0.12) 

[91] 
EBM As-built - None Ra (27.1 ± 0.91); Rt (214.0± 9.6) / DIN EN ISO 4288:1998 DektakXT Contact 

Profilometer DMLS As-built - None Ra (13.0 ± 0.7); Rt (109.9 ± 0.6) / DIN EN ISO 4288:1998 

[100] 

As-built - None Sa (11-13); Srms (13-16) 
Cybertechnologies CT-300 

Optical Profilometer Machining + Polishing 
Mechanical Polishing: Sa (10); Srms (13) 

Electropolishing: Sa (13); Srms (16) 

(N = not reported) 
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Table 2.8 (continued). 

Citation 

# 
Treatment Type Average Surface Roughness (µm) / Roughness Standard 

Surface Measurement 

Technique 

[107] 

EBM As-built - None Ra (32-42); Rz (219-290) 

N 

EBM Machining + 

Polishing 
N 

DMLS As-built - None Ra (10-13); Rz (75-90) 

DMLS Machining + 

Polishing 
N 

[108] 

As-built - None 
Machine #1: Ra (10.28); Rz (64.36); Rt (84.17) 

Machine #2: Ra (11.91); Rz (68.62); Rt (86.42) 
N 

Machining + Polishing 
Machine #1: Ra (0.10); Rz (0.68); Rt (0.97) 

Machine #2: Ra (0.12); Rz (0.76); Rt (1.08) 

[110] 

EBM As-built - None Ra (32-42); Rz (219-290) 

N 

EBM Machining + 
Polishing 

N 

DMLS As-built - None Ra (10-13); Rz (75-90) 

DMLS Machining + 

Polishing 
N 

[111] 
EBM As-built – None Ra (31.1) 3D Optical Microscope 

Profilometer SLM As-built – None Ra (13.7) 

[112] 

EBM As-built - None 
Sa (32, max = 45); Sz (211, max = 320); 

Rsm (696, max = 978) 

Keyence VR-5000 Optical 3D 

Profiler 

EBM Machining + 
Polishing 

N 

DMLS As-built - None 
Sa (12, max = 20); Sz (88, max = 128); 

Rsm (535, max = 907) 

DMLS Machining + 
Polishing 

N 

[114] 

EBM As-built - None 

Type A: Ra (7.29 ± 2.85); Rz (41.66 ± 14.28) 

Type B: Ra (17.05 ± 4.32); Rz (99.83 ± 23.86) 
Type C: Ra (20.60 ± 3.9); Rz (126.05 ± 21.38) Mitutoyo SJ 210 Contact 

Profilometer 

DMLS As-built - None 

Type A: Ra (3.3 ± 0); Rz (20.1 ± 3.3) 

Type B: Ra (13.1 ± 0.3); Rz (88.8 ± 8.7) 

Type C: Ra (13.4 ± 0.5); Rz (80.7 ± 8.2) 

[121] 

Machining + Polishing Ra (< 0.100); Rz (< 0.100) Olympus Lext OLS 4000 
Confocal Laser Scanning 

Microscopy 

Etching (HCl) Ra (0.450 ± 0.080); Rz (1.790 ± 0.190) 

Etching (HCl + NaOH) Ra (0.486 ± 0.060); Rz (2.040 ± 0.200) 

[123] 

As-built - None Ra (0.016 ± 0.002) 
Mitutoyo SJ 210 Contact 

Profilometer Shot Peening 
Peening 3.5 bar: Ra (1.67 ± 0.06) 
Peening 4.5 bar: Ra (2.27 ± 0.12) 

[128] 

Globular: Machining + 
Shot Peening 

Rmax (3.34); Ra (0.46); Rz (2.25) 

Perthen Mahr Profilometer 

Rmax (5.80); Ra (0.78); Rz (4.69) 

Rmax (5.24); Ra (0.85); Rz (4.4) 

Duplex: Machining + 

Shot Peening 

Rmax (3.32); Ra (0.43); Rz (2.21) 

Rmax (5.12); Ra (0.74); Rz (4.71) 

Rmax (4.71); Ra (0.67); Rz (3.23) 

[129] 

Machining + Deep 

Rolling 
Rz (0.8) 

N 
Machining + Shot 
Peening 

N 

(N = not reported) 

 

2.2.5 Density and Hardness 

Density and hardness are important physical material properties that influence how a 

material behaves in the final application. Density is determined by material dependent atomic 
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packing and is typically represented as a weight per unit volume [16]. While density is relevant 

to a material's ability to float, or buoyancy, it also indicates the presence of defects and porosities 

in the material when the density measurement(s) is less than the reported density for a perfect 

sample of the same material. Several scholars in the reported literature investigated the changes 

in material densities over various conditions [88], [90], [97], [98], [105], [125]. Among these 

authors several methods were used to determine the density. Draper et al. calculated the bulk 

density of samples from measurements of sample mass and geometry [88]. While no additional 

information was provided about these calculations, they noted that the density after HIP for EBM 

Ti-6Al-4V was 4.414 g/cm3 [88]. This is less than the reported theoretical density for bulk Ti-

6Al-4V of 4.43 g/cm3 [25]. 

A small number of scholars reported that they measured density using the Archimedes 

method and/or the water intrusion method [105], [125]. This method involves dividing the 

sample mass by the specimen’s volume which is determined by submerging it in water to 

calculate the density. Shui et al. reported that there was no statistical significance between the 

density measurements of the three conditions investigated but that the density of as-built EBM 

Ti-6Al- 4V was 99.3%, while EBM Ti-6Al-4V that was heat treated achieved 99.4% density, and 

that EBM Ti-6Al-4V that underwent HIP was 99.8% dense [105]. Ackelid reported that in using 

the Archimedes method the relative density for as-built EBM Ti-6Al-4V using a line offset of 

0.40 mm was roughly 92.5%, for as-built EBM Ti-6Al-4V using a line offset of 0.36 mm was 

96.5%, and as-built EBM Ti-6Al-4V using a line offset of 0.20 mm was over 100% [125]. 

Ackelid noted that after HIP all conditions revealed a density that was approximately 100% 

[125]. 
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While the Archimedes method is useful to calculate the volume, and thus density, for 

organic or complex shapes, Kasperovich and Hausmann noted that it is not sufficiently accurate 

to understand the density of AM parts saying that the values determined by this method could 

vary by about ±0.4% [97]. Instead they chose to use 2D image analysis programs in combination 

with 3D computed tomography methods and reported that the porosity of as-built SLM Ti-6Al- 

4V was 0.501%, as-built SLM Ti-6Al-4V using optimized parameters was 0.077%, and SLM Ti- 

6Al-4V that underwent HIP was 0.012% [97]. Fatemi et al. also used 2D image analysis with 

Matlab and found the defect density ranged from 0.1% and 0.6% [90]. Leuders used computed 

tomography to calculate the relative density of HIP samples to be 100% and the relative density 

of other samples to be 99.7% using a 22 μm resolution [98]. 

 Only one work in this review utilized a gas pycnometer to collect density measurements 

[125]. This method accurately measures density by employing Boyle’s law, the relationship 

between volume and pressure, and a gas displacement procedure. Ackelid used helium 

pycnometry to determine the relative density of as-built EBM Ti-6Al-4V using a line offset of 

0.40 mm to be approximately 91.7% [125]. Using a line offset of 0.36 mm the relative density 

was found to be roughly 95.9% and with a line offset of 0.20 mm it was roughly 100% [125]. 

Pycnometry also revealed that for HIP specimens the density was measured to be approximately 

100%, just like the water intrusion method reported earlier [125]. 

Hardness for a material is defined by Groover as the materials “resistance to permanent 

indentation” [16]. This means that hardness is the ability of a material to resist scratches, 

penetrations, plastic deformation, and other general wear. Microhardness reports similar 

information however for it is looking at the local hardness in a grain or grain boundary. 

According to some scholars understanding a materials hardness or microhardness can be 
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influential to the understanding of other mechanical properties as well. Benedetti et al. notes that 

the determination of hardness properties can be a way to indirectly measure ductility [85]. 

Donachie Jr. however reports that hardness testing is not a good measure of the effectiveness of a 

heat treatment on titanium alloys because there is poor correlation between hardness and strength 

in these materials [124]. 

Within the literature reported here, a few number of scholarly works provided 

observations on the materials microhardness/hardness [23]–[25], [27], [85], [94], [97], [104], 

[107], [109], [110], [112], [113], [117], [123], [129], [131], [133] and only twelve of these 

focused on AM materials [23]–[25], [27], [85], [97], [104], [107], [110], [112], [113], [117]. In 

the literature here, nine also reported fatigue data [85], [94], [97], [104], [107], [110], [112], 

[129] and eleven reported tensile data [23], [24], [27], [85], [94], [97], [112], [117], [123], [131], 

[133]. A summary of the microhardness/hardness values reported within the experimental fatigue 

studies found in literature can be seen in Table 2.9. 
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Table 2.9: Hardness results for test specimens. 

Citation 

# 
Hardness Test / Parameters Material 

Treatment 

Condition 
Hardness Measurements 

[23] 

Vickers Hardness 

(TUKON 1202 (Wilson 

Hardness) machine, load 10N, 

dwell 10 s, 5 measurements 

taken every 5 mm in the 

vertical direction and 15 

measurements every 2.5mm in 

the horizontal direction) 

Ti-6Al-4V ELI 

EBM 

(Vertical 

Orientation) 

0mm from build platform=390 HV *** 

5mm from build platform=370 HV *** 

10mm from build platform=375 HV *** 

15mm from build platform=370 HV *** 

20mm from build platform=365 HV *** 

25mm from build platform=370 HV *** 

30mm from build platform=375 HV *** 

35mm from build platform=365 HV *** 

40mm from build platform=355 HV *** 

45mm from build platform=365 HV *** 

50mm from build platform=375 HV *** 

55mm from build platform=380 HV *** 

60mm from build platform=365 HV *** 

65mm from build platform=360 HV *** 

70mm from build platform=360 HV *** 

75mm from build platform=365 HV *** 

80mm from build platform=375 HV *** 

85mm from build platform=370 HV *** 

90mm from build platform=365 HV *** 

95mm from build platform=370 HV *** 

100mm from build platform=375 HV *** 

105mm from build platform=370 HV *** 

110mm from build platform=375 HV *** 

EBM 

(Horizontal 

Orientation) 

-5.0mm from center=365 HV *** 

-2.5mm from center=368 HV *** 

0.0mm from center=370 HV *** 

2.5mm from center=372 HV *** 

5.0mm from center=375 HV *** 

[24] 

Vickers Hardness 

(load 1000 gf, 55x, dwell 20 s, 

>2.5 indentation width 

spacing) 

Ti-6Al-4V 

EBM 

(Speed Factor 

30) 

364.8 HV * ± 8.7 HV * 

EBM (Speed 

Factor 40) 
372.0 HV * ± 7.2 HV * 

[25] Rockwell C Hardness Ti-6Al-4V 
EBM 40 HRC 

SLM 41 HRC 

(N = not reported, * = Average values, ** = Values approx. from graphs, *** = Average values approx. from graphs) 
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Table 2.9 (continued). 

Citation 

# 
Hardness Test / Parameters Material 

Treatment 

Condition 
Hardness Measurements 

[27] 

Vickers Hardness 

(load 25 gf (0.25N), dwell 10 

s, HV=0.01 GPa) 

Ti-6Al-4V 

Wrought 

(Coarse α) 
3.8 HV * 

Wrought 

(Equiaxed α/β) 
4.3 HV * 

EBM-1 

Top (Coarse α) = 3.6 HV 

Bottom (Finer α) = 3.9 HV 

Average = 3.8 HV * 

EBM-2 

Top (Coarse α) = 3.6 HV 

Bottom (Finer α) = 4.6 HV 

Average = 4.1 HV * 

Rockwell C Hardness 

(load 150 kgf (1.5 N)) 
Ti-6Al-4V 

Wrought 

(Coarse α) 
48 HRC * 

Wrought 

(Equiaxed α/β) 
52 HRC * 

EBM-1 

Top (Coarse α) = 37 HRC 

Bottom (Finer α) = 42 HRC 

Average = 40 HRC * 

EBM-2 

Top (Coarse α) = 49 HRC 

Bottom (Finer α) = 50 HRC 

Average = 50 HRC * 

(N = not reported, * = Average values, ** = Values approx. from graphs, *** = Average values approx. from graphs) 
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Table 2.9 (continued). 

Citation 

# 
Hardness Test / Parameters Material 

Treatment 

Condition 
Hardness Measurements 

[85] 

Vickers Hardness 

(diamond indenter, max 

applied force 1N, load 

applied at constant 0.1 N/s 

rate, dwell 10 s) 

Ti-6Al-4V ELI 

SLM As-built 380 HV* ± 10 HV 

SLM + 

Tribofinished 

0.00mm deep=405 HV *** 

0.10mm deep=390 HV *** 

0.15mm deep=385 HV *** 

0.20mm deep=385 HV *** 

0.30mm deep=380 HV *** 

0.40mm deep=380 HV *** 

0.50mm deep=380 HV *** 

0.60mm deep=380 HV *** 

0.80mm deep=380 HV *** 

1.00mm deep=380 HV *** 

SLM + Shot 

peened 

0.00mm deep=410 HV *** 

0.10mm deep=415 HV *** 

0.15mm deep=410 HV *** 

0.20mm deep=405 HV *** 

0.30mm deep=395 HV *** 

0.40mm deep=395 HV *** 

0.50mm deep=395 HV *** 

0.60mm deep=400 HV *** 

0.80mm deep=395 HV *** 

1.00mm deep=390 HV *** 

SLM + HIP 

0.00mm deep=380 HV *** 

0.10mm deep=355 HV *** 

0.15mm deep=350 HV *** 

0.20mm deep=355 HV *** 

0.30mm deep=350 HV *** 

0.40mm deep=340 HV *** 

0.50mm deep=340 HV *** 

0.60mm deep=350 HV *** 

0.80mm deep=345 HV *** 

1.00mm deep=350 HV *** 

[94] 
Vickers Hardness 

(HV30) 
Ti-6Al-4V N 308 HV30 

[97] 

Vickers Hardness 

(CLEMEX microhardness 

tester, 100 g weight) 

Ti-6Al-4V 

Wrought 314 HV* (min=291 HV, max=337 HV) 

SLM 360 HV* (min=337 HV, max=388 HV) 

SLM + Heat 700 351 HV* (min=334 HV, max=372 HV) 

SLM + Heat 900 324 HV* (min=297 HV, max=337 HV) 

SLM + HIP 321 HV* (min=301 HV, max=357 HV) 

(N = not reported, * = Average values, ** = Values approx. from graphs, *** = Average values approx. from graphs) 
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Table 2.9 (continued). 

Citation 

# 
Hardness Test / Parameters Material 

Treatment 

Condition 
Hardness Measurements 

[104] 

Vickers Hardness 

(force 25 g, dwell 10 s) 
Ti-6Al-4V 

Wrought 

(Coarse α) 
3.7 HV *** 

Wrought (Equiaxed 

α/β) 
4.3 HV *** 

EBM (END) 4.5 HV *** 

EBM (START) 4.4 HV *** 

Rockwell C Hardness 

(load 150 kgf (1.5 N)) 
Ti-6Al-4V 

EBM (END) 35 HRC *** 

EBM (START) 35 HRC *** 

[107] 
Vickers Hardness 

(load 0.3 kgf) 
Ti-6Al-4V 

Rolled 310 HV * ± 6.1% HV * 

Rolled + HIP 300 HV * ± 7.0% HV * 

EBM 369 HV * ± 1.9% HV * 

EBM + HIP 345 HV * ± 2.6% HV * 

DMLS 378 HV * ± 0.8% HV * 

DMLS + HIP 340 HV * ± 2.1% HV * 

[110] 
Vickers Hardness 

(load 0.3 kgf) 
Ti-6Al-4V 

Rolled + Polish 310 HV * 

Rolled + Polish + 

HIP 
300 HV * 

EBM 369 HV * 

EBM + HIP 345 HV * 

DMLS 378 HV * 

DMLS + HIP 340 HV * 

[112] 
Vickers Hardness 

(load 0.3 kgf/mm2) 
Ti-6Al-4V 

EBM 369 HV0.3 * 

EBM + HIP 345 HV0.3 * 

DMLS 378 HV0.3 * 

DMLS + HIP 340 HV0.3 * 

[113] 

Vickers Hardness 

(load 500 gf, dwell 15 s, 

room temp) 

Ti-6Al-4V 

EBM (Block 1) 332.8 HVN * 

EBM (Block 3) 334.0 HVN * 

[117] 

Vickers Hardness 

(load 1000 gf, 55x, dwell 20 

s, >2.5 indentation width 

spacing) 

Ti-6Al-4V EBM (Manual) 

2.0**mm from build platform=353 HV *** 

4.5**mm from build platform=357 HV *** 

6.5**mm from build platform=361 HV *** 

9.0**mm from build platform=358 HV *** 

11.0**mm from build platform=359 HV *** 

13.5**mm from build platform=354 HV *** 

16.0**mm from build platform=361 HV *** 

18.0**mm from build platform=361 HV *** 

20.0**mm from build platform=354 HV *** 

23.0**mm from build platform=359 HV *** 

[123] 
Vickers Hardness 

(load 5 N, dwell 10 s) 
Ti-6Al-4V 

Wrought 326 HV50 * ± 1 HV50 * 

Wrought + Shot 

Peened (3.5 bar) 
412 HV50 * ± 47 HV50 * 

Wrought + Shot 

Peened (4.5 bar) 
439 HV50 * ± 66 HV50 * 

(N = not reported, * = Average values, ** = Values approx. from graphs, *** = Average values approx. from graphs) 
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Table 2.9 (continued). 

Citation 

# 
Hardness Test / Parameters Material 

Treatment 

Condition 
Hardness Measurements 

[129] Vickers Hardness Ti-6Al-4V 

Wrought 330 HV0.1 

Wrought + Deep 

Rolled 
350 HV0.1 *** 

Wrought + Laser 

Shock Peened 
348 HV0.1 *** 

[131] 

Vickers Hardness 

(Shimadzu HMV-G 

microhardness tester, load 1 

N, dwell 10 s) 

Ti-6Al-4V 

Wrought 1600μm from surface=175 HV *** 

Wrought + High 

Energy Shot 

Peened 

0μm from surface=300 HV *** 

10μm from surface=285 HV *** 

50μm from surface=275 HV *** 

60μm from surface=265 HV *** 

80μm from surface=250 HV *** 

90μm from surface=250 HV *** 

170μm from surface=245 HV *** 

200μm from surface=240 HV *** 

250μm from surface=215 HV *** 

400μm from surface=210 HV *** 

500μm from surface=200 HV *** 

600μm from surface=200 HV *** 

800μm from surface=200 HV *** 

1000μm from surface=185 HV *** 

1200μm from surface=180 HV *** 

1400μm from surface=185 HV *** 

1400μm from surface=190 HV *** 

[133] 

(DHV-1000 digital 

microhardness tester, load 

2.94 N, dwell 20 s) 

Ti-6Al-4V 

Wrought 350 HV * 

Wrought + Shot 

Peened 

0μm from surface=570 HV *** 

15μm from surface=545 HV *** 

25μm from surface=530 HV *** 

50μm from surface=460 HV *** 

75μm from surface=480 HV *** 

100μm from surface=360 HV *** 

125μm from surface=355 HV *** 

150μm from surface=350 HV *** 

(N = not reported, * = Average values, ** = Values approx. from graphs, *** = Average values approx. from graphs) 

 

2.2.6 Types of Mechanical Testing 

The objective of any mechanical test is to determine the behavior of materials when 

subjected to external forces such as mechanical stresses, temperature changes, etc. This 

definition of mechanical testing applies to a large number of tests; however, those that are used 

to understand material properties intrinsic to the material and are independent of geometry are of 

primary interest to this dissertation work. By using tests like tensile, compressive, shear, 

hardness, density, and flexural tests, engineers can better design products to meet the functional 
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and performance requirements for the application [16]. For better understanding of the material 

properties and thus more effective product design, the choice of which mechanical test to 

perform should be made so as to most closely mimic the expected loading and environmental 

conditions experienced by the final product. 

Understanding the fatigue properties of a material is critical in practically every industry. 

Fatigue is a specific type of failure that happens when fluctuating, dynamic stresses are exerted 

on a material [134], [135]. Fatigue testing is used to help determine and quantify this and more 

specifically the fatigue failure and fatigue life of a material or specimen. The fatigue life can be 

defined as “the number of stress (strain) cycles required to cause failure” [136] and can be 

determined by counting the number of cyclical loading cycles sustained by the specimen prior to 

failing. In general fatigue testing can be categorized by (1) the type of stress applied during the 

test and (2) the way in which the load is applied [137]. 

There are five primary types of stressing that can be performed on fatigue specimens. 

[136], [137]. These modes include axial loading (tension-compression, tension-tension), plane 

bending, rotating bend, torsional loading, and combined stressing [136], [137]. Axial tests work 

to produce tensile and compressive stresses axially along the specimen length such that all grains 

of the material experience uniform stressing. Plane bending and rotating bend tests also aim to 

create tensile and compressive stresses in the test part; however, the bend tests create tensile 

stresses on the outer half of the bend while compressive stresses are created on the inner half 

thus meaning the stresses vary from the neutral bend axis to the specimen’s surface. Plane 

bending does this while keeping the sample stationary as opposed to the rotating beam test where 

the specimen is bent while it is rotating. Torsional loading applies the stress in the form of torque 

to twist the sample. This torque produces non-uniform stresses similar to bending tests, but the 
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stress is relative to the axis of rotation. Combined stressing is the last type of stressing which 

encompasses the remaining types of testing methods. Here the stresses are applied by combining 

two or more of the other stressing types previously mentioned. Tests that utilize this style are 

often performed on components that endure special loading such as gears and wires [136]. 

In fatigue, the way in which loading is applied greatly affects what information is 

obtained by the test. For a fatigue test, two types of loading schemes, constant load type and 

constant displacement type, are used for classification [137]. As the name suggests, constant load 

type tests apply a constant amplitude or load throughout the test while constant displacement 

type tests hold the amplitude of deformation or applied deformation constant. Once cracks 

initiate during these fatigue tests those exposed to constant loading would experience an 

increased rate of crack propagation while those under constant displacement would not [137]. 

This loading can further be described by the stress ratio (R). The stress ratio, R, is defined as the 

ratio between the minimum stress and the maximum stress within a single loading cycle 

(R=Smin/Smax) [136]–[138]. When the value of R is zero (R=0) the stress specimen cycles 

between no applied load and maximum stress, and is called unidirectional testing [136], [138]. 

When R is negative (R<0) the test is called either fully or partially reversed testing [136], [138]. 

For both cases the cycle consists of loading the sample in one direction and then loading the 

sample to a stress level opposite of the first in the other direction [136], [138]. When R is 

between 0 and -1 (- 1<R<0) the minimum compressive (negative) stress is smaller in magnitude 

than the maximum stress [136], [138]. Fully reversed testing is when R is -1 (R=-1) and the 

opposing stress levels are equal in magnitude. When R is positive and less than 1 (0<R<1) the 

fatigue cycle fluctuates between two tensile (positive) stresses where the minimum stress value 

has a lesser magnitude than the maximum stress value [136], [138]. This is indicative of the use 
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of preloading the sample with some small positive value and then applying maximum stress 

before returning to the small preload amount [138]. If R is equal to 1 however (R=1) no stress 

variation can be observed meaning that the test is not a fatigue test [136]. 

2.2.7 Fatigue Behavior 

Within the literature several testing configurations have been used to experimentally test 

the fatigue performance of AM Ti-6Al-4V, thus making comparison across studies difficult. 

Primarily, the published literature explores axially loaded specimens in constant load mode, 

however this review will explore studies that focus on axial, torsional, and bending fatigue 

studies in two loading conditions (constant load and constant displacement modes). For 

simplicity the results from these fatigue tests will be categorized by the reported stress ratio (R). 

Studies not reporting R values were excluded from this section. 

2.2.7.1 Specimens Tested at R > 0 

Several studies reported experiments performed with R values greater than zero [28], 

[29], [84], [88], [91], [92], [95], [98], [104], [105], [113], [121]. The most common R-value 

reported in these studies was R = 0.1 [28], [29], [84], [88], [91], [92], [95], [98], [104], [105], 

[113], [121], however, some scholars reported using other R- values also such as R = 0.3 [104], 

R = 0.5 [28], [88], R = 0.7 [104], and R = 0.8 [28]. Table 2.10 summarizes the different 

parameters and conditions used for the various fatigue tests using greater than zero. From the 

table it can be seen that all axial fatigue tests were conducted using an R-value of 0.1 and most of 

which were reported to utilize load control mode. The most prevalent surface condition that was 

tested in these fatigue tests was milled surfaces and almost all studies reported the use of 

property enhancing treatments like HIP and HT.  
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Table 2.10: Summary of fatigue tests with R > 0. 

Citation 

# 

Material 

Process 

Raw 

Material 

HIP/

HT 

Surface 

Treatments 
R Value 

Fatigue 

Type 

Control 

Mode 
Hz Reported Test Conditions 

Reported 

Standard 

[28] EBM 
Ti-6Al-4V 

ELI 
HT Milling 

0.1, 0.5, 

0.8 

Crack 

Growth 
N 20 

Room Temp 
Relative Humidity: 20-50% 

K-control crack growth rate: 

5-9 x 10-8 mm/cycle 

N 

[29] EBM Ti-6Al-4V 
HIP 

& HT 
N 0.1 Axial N N N N 

[84] DMLS Ti-6Al-4V HIP 

Chemical, 

Abrasive 

Blasting, 
Milling, 

Other 

0.1 Axial Load 110 

Ambient 

Max Stress Levels: 300-900 

MPa 

Run-out: 3 x 107 

N 

[88] EBM Ti-6Al-4V HIP Milling 0.1, 0.5 Axial Load 
20 & 

30 (at -196°C) 

Temp: -196°C, -101°C, 
20°C, 149°C 

Run-out: 107 

N 

[91] 
EBM & 

DMLS 
Ti-6Al-4V HT N 0.1 

Axial Load 150 KT=1 EN 6072 

Crack 
Growth 

Load N C(T) 40 ASTM 647 

[92] 
EBM & 
DMLS 

Ti-6Al-4V 
HIP 
& HT 

N 

0.1 Axial Load N N EN 6072 

0.1, 0.7 
Crack 

Growth 
Load N C(T) 40 ASTM 647 

[95] EBM Ti-6Al-4V 
HIP 

& HT 
Milling 0.1 Axial Load 20 Room Temp ASTM E466 

[98] SLM Ti-6Al-4V 
HIP 

& HT 
Milling 0.1 

Crack 

Growth 
N 10 N ASTM E647-08 

[104] EBM 
Ti-6Al-4V 

ELI 
N N 

0.1, 0.3, 

0.7 

Crack 

Growth 
N 20 

Room Temp 

Relative Humidity 
ASTM E647 

[105] EBM Ti-6Al-4V 
HIP 

& HT 

Milling, 

Polishing 
0.1 Axial Load 10 

Room Temp 
Max Stress Levels: 300-700 

MPa 

Run-out: 107 

N 

[113] EBM Ti-6Al-4V None Milling 0.1 Bending Load 5 Interrupted Testing N 

[121] Traditional Ti-6Al-4V N 
Chemical, 
Milling 

0.1 Axial Load 10 
Step-wise Load Increase (50 
MPa every 5 x 104 cycles) 

ASTM E466-07 

(N = not reported) 
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From these studies the authors concluded several important thoughts. Firstly, HIP and HT 

can be seen to improve the fatigue behavior of a material [28], [29], [95], [105]. Authors noted 

that HIP treatments are able to reduce the internal defect sizes and it is this reduction that could 

result in an improvement in overall fatigue strength [29], [88], [92], [95], [105], [113]. This is 

because internal process induced defects (porosities, unmelted regions, and disbonded regions 

[104]) are identified as a common source of crack initiation sites, which can be deleterious to the 

fatigue behavior [95], [98], [104], [105] especially since they tend to dominate the fatigue 

behavior on smooth surfaced samples [92]. Draper et al. however reported that defects 

originating from the material did not adversely affect the fatigue life because the size of the 

defects was too small to play any role [88]. Secondly, it was reported that some secondary 

surface treatments increased the fatigue life of individual samples [84], [88]. However, for other 

surface treatments fatigue properties were not affected, even with an increase in surface area (i.e. 

roughening of the surface) [121]. Because some scholars reported that surface roughness 

dominated in certain fatigue tests [91], this discrepancy should be further investigated. 

2.2.7.2 Specimens Tested at R = 0 

Of the reported literature, very few studies reported the use of fatigue tests with R-values 

equal to zero [83], [101], [114]. Table 2.11 shows a summary of the conditions and parameters 

used by these studies in their experimental work. As seen in Table 2.11, all of these tests were 

performed in displacement control mode and no samples that were reported to have undergone 

HIP or HT were tested. Two of these scholars reported development of a new test methodology 

and geometry [101], [114] while the other performed axial fatigue experiments based on a 

common standard [83]. 
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Table 2.11: Summary of fatigue tests with R = 0. 

Citation 

# 

Material 

Process 

Raw 

Material 

HIP

/HT 

Surface 

Treatments 

R 

Value 

Fatigue 

Type 

Control 

Mode 
Hz 

Reported 

Test 

Conditions 

Reported 

Standard 

[83] LMwD 
Ti-6Al-

4V 
N 

Milling, 

Polishing 
0 Axial Displacement 

0.5, 

9 

Room 

Temp & 
250°C 

ASTM 

E606 

[101] DMLS 
Ti-6Al-

4V 
N N 0 

Novel 

Bend 
Displacement 20 

Run-out: 2 

x 106 N 

[114] 
EBM & 

DMLS 

Ti-6Al-

4V 
N N 0 

Novel 

Bend 
Displacement 15 

KT=1 
Run-out: 2 

x 106 

N 

(N = not reported) 

The authors of these three studies concluded that the fatigue behavior is related to the 

selection of AM process used to manufacture the samples, the material used to fabricate the 

samples, and the surface roughness of the samples [83], [101], [114]. One work concluded from 

this that as-built DMLS Ti-6Al-4V parts exhibited a higher fatigue strength than those Ti-6Al-

4V parts that were made using the EBM process [114]. Additionally it was noted that all three 

also concluded that the orientation of the samples during fabrication (a.k.a. build direction) 

affected the fatigue behavior [83], [101], [114]. In these studies only one scholar reported any 

conclusion regarding failure mechanisms and the influence of defects on fatigue life [83]. For 

this study it was noted that the lack of fusion (LoF) defects were the most detrimental to low 

cycle fatigue life for some build orientations because of their orientation in relation to the 

loading applied to the test [83]. These scholars also reported that the propagation of the fatigue 

crack was observed to follow the interface between the alpha and beta phases, however it did not 

cross the alpha laths [83]. This thus implies that changing the microstructure could affect how 

the crack propagates through the sample during the fatigue study. 

 

 

 



46 

 

2.2.7.3 Specimens Tested at R < 0 

Several studies reported fatigue experiments that were designed with R-values less than 

zero [54], [85], [87]–[90], [93], [94], [97], [98], [102], [106], [108], [111], [112], [129]. In this 

representation of literature, the majority of scholars performed experiments using R = -1 [54], 

[85], [87]–[90], [93], [94], [97], [98], [102], [106], [108], [111], [112], [129] and only one 

scholar reported the use of another negative R-value [54]. For simplicity the various parameters 

and conditions used in these tests with R less than zero are summarized in Table 2.12. Under this 

R-value both load and displacement control modes were used to test primarily milled or polished 

sample surfaces. Additionally, most studies reported some use of HT or HIP in their work. Axial 

fatigue tests represent most of the testing methodologies summarized in Table 2.12, however 

torsion and bending fatigue tests were also performed. 
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Table 2.12: Summary of fatigue tests with R < 0. 

Citation 

# 

Material 

Process 

Raw 

Material 

HIP/

HT 

Surface 

Treatments 

R 

Value 

Fatigue 

Type 

Control 

Mode 
Hz Reported Test Conditions 

Reported 

Standard 

[54] SLM Ti-6Al-4V N 
Milling, 

Polishing 
-0.2 Axial Load 20 

Room Temp 

Ambient 

Max Stress Levels: 100-
600 MPa 

ASTM E466-07 

[85] SLM 
Ti-6Al-4V 

ELI 

HIP 

& HT 

Shot Peening, 

Electrochemical 
-1 Axial Load 150 Run-out: 5 x 107 ASTM E606 

[87] SLM Ti-6Al-4V HIP Milling -1 Axial 
LCF: 
Displacement 

HCF: Load 

LCF: 1.1-2.8 

HCF: 90 

LCF: Deformation Speed 
0.056 s-1 Run-out: 104 

HCF: Run-out: 107 

LCF: NF A03-
403 

HCF: ISO 1099 

[88] EBM Ti-6Al-4V HIP Milling -1 Axial 
LCF: 
Displacement 

HCF: Load 

LCF:  0.5 
HCF: 20 & 30 

(at -196C) 

HCF: Temp: -196°C, -
101°C, 20°C, 149°C, Run-

out: 107 

N 

[89] SLM Ti-6Al-4V N 
Milling, 

Polishing 
-1 Bending N 50 Room Temp N 

[90] 
SLM & 

Traditional 
Ti-6Al-4V N 

Milling, 

Polishing 
-1 

Axial-

Torsional 
Displacement N 

1000 kN Axial + 1000 Nm 

Torque 

in-phase/90 deg.-out-of-
phase 

ASTM E2207 

[93] 
EBM & 

SLM 
Ti-6Al-4V 

HIP 

& HT 

Milling, 

Polishing 
-1 

Axial 

(Ultrasonic) 
N 

HCF: 10000 

VHCF: 

18000-22000 

HCF: pulse/pause mode 

(600ms w/ 900ms 
intermittent pauses) 

VHCF: pulse/pause mode 

(600ms w/900ms 
intermittent pauses) 

N 

[94] Traditional Ti-6Al-4V N NR -1 
Axial 

(Ultrasonic) 
N 20000 N N 

[97] 
SLM & 

Traditional 
Ti-6Al-4V 

HIP 

& HT 

Milling, 

Polishing 
-1 Axial Load 

HCF 

Traditional: 

82 
HCF SLM: 82 

HCF Traditional: Room 
Temp, Stress Amplitude: 

600 MPa 

HCF SLM: Room Temp, 
Stress Amplitude: 200, 

350, 400, 500, 600 MPa 

N 

[98] SLM Ti-6Al-4V 
HIP 

& HT 
Milling -1 Axial Load 40 Ambient ASTM E466-07 

[102] SLM Ti-6Al-4V 
HIP 

& HT 

Milling, 

Polishing 
-1 

Axial 

(Ultrasonic) 
N 19500 

Pulse/pause mode 

Compressive Air Cooling 
N 

[106] LENS Ti-6Al-4V HT 
Milling, 

Polishing 
-1 Axial Displacement Adjusted N ASTM E606-92 

(N = not reported) 
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Table 2.12 (continued). 

Citation 

# 

Material 

Process 

Raw 

Material 

HIP/

HT 

Surface 

Treatments 

R 

Value 
Fatigue Type 

Control 

Mode 
Hz 

Reported Test 

Conditions 

Reported 

Standard 

[108] DMLS Ti-6Al-4V 
HIP 
& HT 

Milling -1 

Axial-Torsional Displacement 0.25-5 
Failure: 10-12% change in 

load/torque 
ASTM E2207 

Torsion Displacement N 

Displacement: 1 °/min 
(0.0025 min-1 Strain Rate) 

Failure: 1-5% change in 

displacement/rotation 

N 

[111] 

EBM & 

SLM & 
Traditional 

Ti-6Al-4V HIP Milling -1 

Axial Load 115 

Room Temp 
Staircase loading 

Failure: 1 Hz drop (~3mm 

crack length) OR 2 x 106 

N 

Axial-Torsional Displacement  

Compressed air cooling 

Failure: > 1 deg. rotation 

OR 2 x 106 

N 

[112] 
EBM & 
DMLS 

Ti-6Al-4V 
HIP 
& HT 

Milling, 
Polishing 

-1 Bending N 60 Run-out: 107 N 

[129] Traditional Ti-6Al-4V HT Shot Peening -1 Axial Load 5 Room Temp & 450°C N 

(N = not reported) 
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For the studies where R is negative there is lack of agreement on whether or not the 

fatigue properties of AM samples is better than that of conventionally made samples. Some 

scholars claim AM to have improved fatigue life [88] and others claim that it had reduced fatigue 

life compared to conventional samples [54], [89]. Those that stated conventional samples to 

exhibit superior properties indicated that this is probably due to the rough surface finish, residual 

stresses, pores, and/or brittle phases in the AM material [54], [89]. In addition to this, there is 

some disagreement within the literature on whether or not the orientation in which the samples 

are manufactured affects the fatigue behavior. Depending on the test parameters it is noted that 

the build direction can affect the fatigue properties [54] or it can have no significant effect [87]. 

While there may be some discrepancies, from the studies in this review, the primary consensus 

of several scholars is that defects such as LoF and process-induced porosities initiate fatigue 

failure [87], [89], [90], [93], [94], [97], [98], [106], [108]. Some even went further to say that 

those internal pores which are closer to the surface have a greater impact on fatigue [106]. Other 

scholars reported however that in their studies surface defects were the most critical to the 

fatigue performance [87], [90]. 

This follows the idea that improved surface roughness positively impacts fatigue lives 

[89]. Surface treatments that reduced the roughness were noted to support this and some scholars 

indicated an increase in fatigue life could be observed [88], [90]. One scholar reported that 

mechanical surface treatments (i.e. ones that affected the residual stress states and microstructure 

of the material) could be used to improve the fatigue behavior, especially at elevated service 

temperatures [128]. In addition to surface treatments, one scholar reported that one of the best 

ways to improve the fatigue performance is to subject samples to HIP [85]. As mentioned in 

Section 2.2.7.1 this is because HIP has been shown to reduce the size of defects [40, 63] and thus 
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improve the fatigue performance [85], [93], [102]. Finally, in these reported studies it was noted 

that HT had the ability to affect the fatigue performance for AM materials [97], [98], however, 

the selection of processing parameters made it such that there was no agreement between the 

scholars on how it would compare to wrought material. 

2.3  Discussion and Summary of Literature 

Sections 2.1 and 2.2 highlights pertinent literature to this dissertation work. From these 

sections it is clear that there are several gaps in research that must be addressed in order to 

effectively develop design guidelines for the fabrication of functional AM Ti-6Al-4V which 

achieve desired mechanical performance through the use of post-build surface treatments. Based 

on the review of literature in Section 2.1 , the developmental efforts of DFAM guidelines 

conducted thus far in the literature have not included the impacts of post-build surface treatments 

nor their effect on mechanical performance. This distinct gap means that in designing 

components for AM there is no consideration given to steps and processes necessary to make 

metal AM parts functional for certain applications. Therefore, extension of the current research 

efforts in literature will be one of the goals of this dissertation. 

Section 2.2 provides a review of the scholarly work focused on understanding the 

mechanical performance of AM Ti-6Al-4V, so as to help guide experimental research efforts to 

aid in the development of comprehensive design methodologies and guidelines. From the 

literature several AM processes were used to produce samples for fatigue testing and EBM was 

one of the most commonly used processes. Axial fatigue testing was the primary type of 

stressing within the literature and in these tests several scholars used property enhancing and/or 

surface finishing operations in efforts to improve the fatigue performance. Some of these 
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operations included HIP, HT, milling, polishing, shot peening, etc. Additionally, minimal reports 

of scholars using plane bending fatigue were found in literature they utilize milling and/or 

polishing and did not test other post-build surface treatments and none were reported to use HIP 

or HT. With bending being a primary failure mode for some applications it is important to 

investigate the fatigue behavior under those stressing conditions. Additionally, because four-

point bending tests apply a load over a surface it is an ideal test to use for understanding the 

effects of surface treatments. 
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CHAPTER 3 – Research Objectives 

The overall goal in this work is to develop a more comprehensive understanding of the 

mechanical performance of secondary treated metal AM components, such as Ti-6Al-4V 

produced on an EBM, in order to develop a series of design methodologies that can be used in 

the production of functional metal AM components. This chapter aims to define the objectives 

and underlying hypotheses of this dissertation work along with providing an outline of the 

specific tasks completed to achieve this goal. The following sections outline the three research 

objectives, which will serve as the structure for the remainder of the dissertation document. 

3.1 Objective #1 – Effect of Surface Treatment on Fatigue 

The first component in this dissertation work is the completion of mechanical tests 

designed to understand how post-build surface treatments affect the flexural fatigue behavior of 

AM Ti-6Al-4V. It is hypothesized that the altering of the as-built AM surface through post-build 

surface treatments will affect the fatigue performance of metal AM components. The specific 

objectives (SO) and tasks (ST) associated with this larger objective are defined as follows: 

• SO1: Characterize and compare the relevant attributes of surface treatments including: 

surface appearance, roughness, changes to dimension and mass 

o ST1.1: Establish appropriate imaging protocols to image treated surfaces using 

optical microscopy and scanning electron microscope (SEM)  

o ST1.2: Define procedure for collection of non-contact-based surface roughness 

measurement using laser scanning confocal microscopy and capture data for 

comparison 
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o ST1.3: Perform dimensional and mass inspection and utilize data to construct 

representation for material removal  

• SO2: Investigate effect of HIP treatment on the defects, surface, and mechanical 

properties of samples 

o ST2.1: Optically characterize defects and changes to sample surface after HIP 

using optical microscopy and SEM imaging 

o ST2.2: Assess oxidation of sample surface after HIP treatment using transmission 

electron microscopy (TEM) 

o ST2.3: Conduct Knoop microhardness measurements to determine changes after 

HIP treatment 

o ST2.4: Characterize density changes using gas pycnometry 

• SO3: Establish representative model of fatigue behavior and failure sites for samples with 

and without surface and HIP treatment 

o ST3.1: Image sample fracture surfaces using SEM to determine common failure 

sites and mechanisms 

o ST3.2: Develop representation of fatigue behavior outlining the number of cycles 

samples are able to withstand before failure 

3.2 Objective #2 - Effect of Build Orientation on Fatigue Performance 

The second research objective in this work focused on detailing the effects of how build 

orientation affects the fatigue performance. It is hypothesized that there is a relationship between 

fatigue performance and build orientation of the metal AM samples. To understand the 

connection between these two factors, similar experimentation as described in Section 3.1 was 
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utilized. However, the specific objectives (SO) and tasks (ST) associated with this larger 

objective are defined as follows: 

• SO1: Investigate related aspects associated with the use of various build directions to 

fabricate samples including: dimensional, and surface characteristics 

o ST1.1: Characterize dimensional differences through inspection  

o ST1.2: Assess sample surface variation using optical microscopy and SEM 

imaging 

• SO2: Characterize fatigue failure of samples  

o ST2.1: Investigate facture surfaces using SEM and utilize data to understand the 

common failure sites 

o ST2.2: Create a representation of fatigue behavior outlining the number of cycles 

samples are able to withstand before failure 

3.3 Objective #3 - Development of Process and Design Recommendations 

The third objective is the development of a series of design recommendations, which can 

be used for the production of functional AM Ti-6Al-4V components. It is hypothesized that 

given an understanding of fatigue performance and surface modification methods that guidelines 

could be constructed. The specific objectives (SO) and tasks (ST) associated with this larger 

objective are defined as follows: 

• SO1: Discussion and demonstration of recommendations that use surface finish as the 

principle focus for synthesis of experimental work from Objective #1 and Objective #2 

for surface roughness and expected fatigue performance 
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3.4 Summary 

Completing the objectives and tasks outlined in this chapter will result in a better 

understanding of how AM can be applied to meet the engineering requirements of a product. 

Both the AM process as well as secondary processing steps and variables will be investigated so 

that a better understanding of how metal AM can be employed for high-performance mechanical 

products. The primary performance metric examined will be fatigue life however additional 

characterization will be conducted to support the understanding of the cyclic fatigue results. 

Practical implementation of the findings from this work will be made possible through the 

development of generalized finishing recommendations for EBM Ti-6Al-4V components. 
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CHAPTER 4 – Effect of Surface Treatment on Four-Point Flexure Fatigue 

4.1 Introduction 

Thus far, research regarding the mechanical properties of surface treated EBM Ti-6Al-4V 

has primarily utilized axial tensile or fatigue test configurations. While such studies have 

certainly helped provide insight into the performance of this AM material, research is still 

required to understand the behavior under flexure. From the survey of literature in CHAPTER 2, 

it was seen that studies targeting flexural loading scenarios were severely lacking from the entire 

body of literature. Because they involve fundamental tensile, compressive, and/or shear stresses 

during loading, flexure tests are useful for testing real-world parts. Understanding the ability for 

a material or part to resist deformation and failure under load provides critical insight in the 

design and fabrication of reliable components. 

Flexure fatigue tests are primarily used to determine the fatigue life of a material or 

component as described in Section 2.2.6  Within the larger scope of flexure fatigue tests, four-

point testing scenarios are preferred means to test the responses of a material that has undergone 

surface treatments. This is because four-point tests produce peak stresses along a larger region of 

the sample surface between the two loading heads, thus capturing and testing more defects and 

flaws within the sample. Another advantage of using this test configuration is that the sample 

geometry is a rectangular beam as opposed to a cylinder. This geometry lends itself to easy 

fabrication with the AM process, which doesn’t require additional finishing to prepare samples, 

with threads or other features, for testing. 

Therefore, this chapter aims to specifically address the objectives and tasks outlined in 

Section 3.1 and contribute to build the body of knowledge on the effects of surface treatments on 
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the four-point flexure fatigue of EBM produced Ti-6Al-4V. As part of this chapter, a pilot study 

was first conducted to prove validity of the approach taken for the final experimental work. 

Section 4.2 and 4.3 outline the experimental method, results, and conclusions for the pilot and 

final experimental work, respectively. 

4.2 Pilot Experiment for Analysis of Impact of Surface Treatment on Fatigue Performance 

To establish feasibility of the experimental approach for four-point fatigue testing of 

surface treated Ti-6Al-4V reported in later sections, a pilot study was performed. This 

preliminary work presented in this section focused on developing treatment, characterization, 

and testing protocols. It also aimed to construct an initial understanding of the factors and their 

relationships, which affect the four-point fatigue behavior. 

4.2.1 Materials and Methods 

4.2.1.1 Sample Fabrication 

For this pilot research, a series of four-point flexural tests were conducted on additively 

manufactured flexural samples, some of which were exposed to one of a series of post-build 

treatments. In this study, a total of 104 samples were manufactured from standard plasma 

atomized Arcam Ti-6Al-4V powder (45-105 µm) using an Arcam Q10plus electron beam 

melting (EBM) machine with standard Ti-6Al-4V build themes (software version 5.0.57). 

Sample geometries were chosen based on ASTM C1161-13 specifications for a four-point 

flexure test configuration featuring freely rotating bearing cylinders with a nominal diameter of 

6.35 mm [139]. The sample geometry for this fixture configuration can be seen in Figure 4.1. 
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Figure 4.1: Sample geometry (Units: mm). 

In this study, the samples were produced in the XZY and YZX orientations, as described 

in ISO/ASTM 52921-13, to preferentially orient any potential layer defects from the AM process 

during fatigue testing [140]. Samples were laid out with a 4 mm spacing between individual 

samples. This was included to help thermally isolate individual parts and distribute heat across 

the build layers. The resulting build layout, as shown in Figure 4.2a, allowed a total of 52 

samples to be produced in a single build, meaning a total of two builds were required to produce 

all the samples. A cylindrical witness coupon 15 mm in diameter spanning the total height of the 

build (16.7 mm) was included in the center of each build layout to help with even heat 

distribution along build layers and to compare each of the separate builds to one another. The 

supports used underneath the fatigue specimens were designed such that (1) the number of 

witness marks resulting from support teeth removal would be minimized within the support span 

and (2) the samples would not curl during building from lack of support structures at the ends. 

Figure 4.2b depicts the support structures for the fatigue samples. Each of the witness coupons 

were built directly on the build platform and were not supported. After manufacturing, samples 

were randomly assigned to each of the surface conditioning methods across both builds to reduce 

potential effects of sample location on the build plate. 
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Figure 4.2: Preliminary build sample layout (a) Sample layout for EBM builds; (b) Support 

structures for fatigue samples. 

4.2.1.2 Post-Build Sample Treatments 

Once all samples were built, great care was taken in sample handling to ensure the as- 

built AM surfaces remained intact as much as possible. To do this, support structures were 

manually removed from all samples with pliers and loosely sintered powder particles were 

removed using a jet of pressurized water. Next, samples were randomly assigned to one of seven 

surface treatment methods (Control, HIP-Control, RASP, SPEX, ChemEtch1, ChemEtch2, and 

Abrasive). 

Besides support and loose powder removal, no additional processing was performed on 

the Control group samples. All other samples in the remaining six groups underwent hot isostatic 

pressing (HIP) in order to match common industry practice of attempting to minimize the effects 

of any internal porosities. The HIP process was performed by Quintus® Technologies [141] and 

the HIP parameters selected for this study (820°C, ~2000 bar, 2 hours, rapid cooling) were based 

on previously published work from Arcam AB [125]. In the HIP-Control group, only HIP was 

performed after manual support removal. Rotationally Accelerated Shot Peening (RASP) 

treatment described by [142] and depicted in Figure 4.3 was performed on HIP samples for eight 
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minutes using 0.8 mm diameter stainless steel balls and a rotational speed of 80 m/s. The SPEX 

ball-milling treatment was performed again on HIP samples for 120 minutes total duration using 

a SPEX 8000M Mixer Mill. In this process, the HIP sample is placed in a grinding vial with 

3.175 mm diameter stainless steel balls and set to follow a horizontal figure eight path, shown in 

Figure 4.4 for the total treatment time. Two types of chemical etching processes were performed 

on HIP samples (Chem Etch 1 and Chem Etch 2). Complete sample immersion in the etching 

solutions containing different percentages of hydrofluoric, nitric, and hydrochloric acids 

occurred for a maximum of ten minutes before the samples were removed from the etchant and 

rinsed for seven cycles. Samples treated with Chem Etch 1 were immersed in a solution of 7% 

HF and 40% HNO3 (v/v %) for ten minutes while those treated with Chem Etch 2 were 

immersed in a solution of 3.5% HF, 5.3% HCl, and 9.3% HNO3 (v/v %) for five minutes. The 

abrasive treatment was performed using a Hybrid DECI Duo machine at PostProcess 

Technologies for a total treatment time of 4 minutes. With a 50.8-152.4 mm (2-6 inch) working 

distance, shown in Figure 4.5, this process utilized an alumina based abrasive solution (52 grit 

particles) which was accelerated at the sample with 758 kPa (110 psi). Parameters for the RASP, 

SPEX, and Abrasive post-build treatments were selected by expert operators to produce an ideal 

surface finish for the sample geometry provided. The treatment parameters for Chem Etch 1 and 

Chem Etch 2 were selected to balance minimal processing time and reduction of surface 

roughness through increasing concentrations of commonly used etching solutions. 
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Figure 4.3: Illustration of the RASP process recreated from [139]. 

 

Figure 4.4: Illustration of travel path for SPEX ball-milling treatment. 

 

Figure 4.5: Illustration abrasive blasting treatment. 

4.2.1.3 Characterization 

The particle size distribution (PSD) and particle morphology of the starting material was 

assessed with a Microtrac S3500 particle size analyzer and a JEOL JSM-6010LA InTouchScope 

scanning electron microscope (SEM) respectively. An average of data collected from three runs 

with the particle size analyzer was used to determine the particle size distribution (PSD) for the 
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starting material. Optical microscopy (OM) was used to characterize the microstructure before 

and after HIP was performed using a HIROX KH-7700 digital microscope. This was done to 

assess the defect population and the effective closure or “healing” of pores or voids in addition to 

observing if there were any changes to the samples’ microstructure. SEM was also used to 

characterize the treated surfaces as well as the fracture surfaces. An energy-dispersive x-ray 

spectroscopy (EDS) detector incorporated into the SEM was used to determine the fundamental 

compositional information of the surface. 

Comparison of surface roughness of each treatment group was performed using the multi-

synthesis tool on a HIROX KH-7700 digital microscope (Control and HIP-Control groups only) 

or a Dektak 150 Surface Profiler (all other treatments). The multi-synthesis tool was used to 

measure the Control and HIP-Control groups because the vertical range of the Dektak was not 

sufficient for these samples. At least three different HIROX Ra measurements were collected 

across the sample surfaces in random diagonals and were averaged together. Figure 4.6 shows 

one of the measurements collected using the multi-synthesis tool on the HIROX. For the Dektak 

measurements an average Ra was calculated for two different directions, along (vertical) and 

across (horizontal) the build direction (Figure 4.1). This average was calculated from five 

measurements taken with the Dektak in each direction. 

 

Figure 4.6: Measurement across sample area using the HIROX multi-synthesis tool. 
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Figure 4.7: Measurement terminology using Dektak surface profiler. 

4.2.1.4 Mechanical Testing 

To test a sampling area of the surface, four-point flexure testing was conducted. This was 

done using a Testresources 910LX15 Servo Hydraulic Axial Fatigue Testing Machine with a 15 

kN capacity in accordance with ASTM C1161-13, as seen in Figure 4.8. Braces were also 

included to prevent unwanted sample movement away from the load noses that might cause 

premature failure from excessive pinning. During these tests, the load span-to-support span ratio 

was 1:2, and the test was automatically stopped when 1E6 cycles were performed or when failure 

occurred and the number of cycles were recorded. From literature a UTS of 1103.16 MPa (160 

KSI) for annealed Ti-6Al-4V was used to identify maximum loading from which testing loads 

were calculated (65%, 55%, and 45% of maximum load, which were 717 MPa, 607 MPa, and 

496 MPa respectively). The specific stressing levels (45%, 55%, and 65% of UTS) were chosen 

as a balance between seeing how the surface treatments affected the fatigue performance while 

minimizing the total testing time. 

 

Figure 4.8: Four-point fatigue setup (a) CAD model of fatigue fixture; (b) Fatigue fixture. 
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4.2.2 Results 

4.2.2.1 Powder Feedstock 

The particle size distribution of the starting powder was confirmed to fit within the 

standard EBM powder distribution to range from 60.74-114.6 μm [D10-D90] by volume (51.20-

90.81 μm [D10-D90] by number). The morphology was seen to be predominantly spherical. 

Some particles were observed to have small satellite particles attached or next to them as well as 

evidences of dendritic growth during solidification in the plasma atomization process. Figure 4.9 

shows some representative morphology of the starting material. 

 

Figure 4.9: Powder for sample fabrication (a) Random sampling of powder particles; (b) Single 

powder particle with satellites and dendritic solidification. 

4.2.2.2 Sample Microstructure 

The microstructures of the as-built samples were as expected for AM Ti-6Al-4V made 

with EBM in that there was a noted columnar prior β-grain structure. It was observed that in the 

as-built samples there was a number of layer and point defects associated with the packing and 

melting of the layers of Ti-6Al-4V particles. This was not observed in samples that underwent 

HIP treatment. Figure 4.10 shows the effect of the HIP treatment as compared to the as-built 
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condition. It specifically shows the microstructure and defect population between the Control 

and HIP-Control samples. A closure and/or healing of the majority of the voids and defects 

occurred during HIP and there was only minor change in microstructure that was incurred. 

Because the minimization of internal stress concentration sites was a priority, any changes in 

microstructure were ignored. 

 

Figure 4.10: Comparison of defect population and microstructure between (a-b) as-built Control 

samples (c-d) and HIP-Control samples (Blue circles encompass porosity defects and green 

rectangles encompass layer defects). 

4.2.2.3 Post-Build Sample Treatments 

Surface characterization was performed using SEM and the collected images of each 

surface can be seen in Figure 4.11. As compared to the Control surface the other surface 

treatments have drastically different appearances. Evidence of the compaction of surface 
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particles can be seen in Figure 4.11b and Figure 4.11d. This is shown in the regions of the 

partially compressed valleys from the original surface and the surrounding flat surfaces. While 

the spherical nature of the surface particles from the metal AM surface can be observed in Figure 

4.11e, smoothing of these particles is clearly evident. The surface in Figure 4.11c is the most 

unique compared to the Control surface in Figure 4.11a and shows signs of particles being 

sheared from the surface. EDS incorporated into an SEM was used to determine the fundamental 

compositional information of the surface and ensure residual materials from surface treatments 

were not present in the SEM images. Results from EDS mapping determined that there were not 

high concentrations of residual materials from surface treatments present on the surfaces in the 

SEM images. 

 

Figure 4.11: SEM surface comparison (a) As-built Control; (b) RASP; (c) Abrasive; (d) SPEX; 

(e) Chem Etch 2. 

As determined by the multi-synthesis tool on the HIROX, the arithmetic average of the 

roughness profile (Ra) for the Control samples was determined to be 28 μm. The averaged 

results from the Dektak measurements can be seen in Table 4.1. From these measurements, it is 
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clear that all post treatments improved the surface roughness as compared to the as-built Control 

surface. 

 Table 4.1: Dektak measurement summary. 

Treatment 
Avg. Ra 

(µm) 
SD 

(µm) 

H - SPEX 8.15 2.27 

V - SPEX 8.07 2.29 

H - Chem Etch 1 20.62 4.37 

V - Chem Etch 1 18.51 2.26 

H - Chem Etch 2 11.06 1.76 

V - Chem Etch 2 10.91 0.96 

H - Abrasive 8.27 1.50 

V - Abrasive 8.96 1.76 

H - RASP 14.16 1.49 

V - RASP 16.27 2.30 

(V indicates measurements collected parallel to 
the build direction, H indicates measurements 
collected perpendicular to the build direction) 

 

4.2.2.4 Fatigue Behavior 

Evaluation of the fatigue properties, as shown in Figure 4.12, indicate that there are no 

significant effects between the Control and HIP-Control treatment groups. This supports the 

hypothesis that the surface effects dominate the mechanical testing as opposed to internal bulk 

material effects. Additionally, the variability of the results after surface modification is 

dependent on the post treatment method itself as some treatments, like Abrasive, indicate an 

increase in variability. 
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Figure 4.12: Preliminary fatigue results (Average, Standard deviation, and Sample size reported). 

4.2.3 Discussion and Conclusions 

As a result of this pilot experimental work, it was determined that each of the post 

treatments produced unique surfaces. In some cases, this surface had the potential to significantly 

improve the fatigue behavior of the sample being tested. The surface modification from the post-

build treatments was also shown to reduce the surface roughness of individual samples. From 
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this work it was believed that the increase in fatigue life is directly correlated to the reduction in 

surface roughness however further analysis of the fracture surfaces would be required to truly 

understand this relationship. Additionally, larger sample sizes would also be needed to provide 

statistics on variability and complete the S-N curves for this experiment, but the relational 

information collected was promising. For this reason, the development of extended experimental 

design with larger sample size was pursued before completion of preliminary experimentation at 

lower stress levels. 

4.3 Modeling the Effects of Surface Treatment on Flexure Fatigue Performance 

The experiment described in this section is a continuation of the experimental work 

presented in Section 4.2 . As compared to the preliminary work, additional surface treatment 

methods and larger sample sizes were investigated. These final flexure experiments tested a 

variety of surface finishing operations, such as high-energy shot peening, machining, chemically 

accelerated vibratory polishing, and electrochemical machining, to see how they affected the 

fatigue performance compared to the unmodified as-built surface. To expedite treatment of a 

larger number of samples for this final experiment, surface treatments involving over 90 minutes 

of treatment time per sample were not considered, meaning the SPEX treatment from the pilot 

study was not used. Additionally, because the ChemEtch treatments of larger sample sizes would 

require significant quantities of hazardous chemicals for to prepare all the samples it was also 

eliminated from consideration in the final study. The results of this work are explained in 

following sections. 
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4.3.1 Materials and Methods 

4.3.1.1 Mechanical Test Configuration 

During this experiment, a four-point bend test approach outlined in Section 4.2 was used 

instead of a three-point bend setup so as to sample a larger surface area. These fatigue tests were 

force controlled (i.e. constant load type tests) and applied loads for each test were calculated 

based on a chosen percentage of the yield strength (YS) in flexure, measured for the treatment 

group with the lowest theoretical yield stress and Equation 4.1: 

Equation 4.1: Applied load in four-point flexure setup. 

𝑃 =
4𝜎𝑓𝑤𝑡2

3𝐿
 

where 𝑃 = applied load, 𝜎𝑓 = stress (chosen as percentage of YS in flexure) at the midpoint in the 

outer fibers, 𝑤 = width of specimen, 𝑡 = thickness of specimen, and 𝐿 = length of support span. 

The calculation of this load in Equation 4.1 is used for four-point bending tests where the support 

span is twice that of the loading span and the cross section of the sample is rectangular. With this 

formula, variations in sample dimensions were accounted for. Unlike the preliminary work, yield 

strength in flexure was used as the basis for determining the levels of stress for the fatigue 

experiments. For the sample condition with the lowest theoretical yield stress, yield strength was 

measured using static 4-point flexure tests and 0.2% offset method in order to utilize existing 

sample geometries. Results from these static tests for sample condition of lowest theoretical yield 

can be seen in Figure 4.13. Additionally, a run-out value, the threshold number of cycles to stop 

the fatigue tests at if reached, of two million cycles was established for these fatigue tests based 

on preliminary data. The applied testing loads were calculated as 45%, 55%, and 65% of YS 

(490 MPa, 593 MPa, and 703 MPa, respectively). For treatments where samples repeatedly 
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exceeded the 2e6 cycle run-out point, increased testing loads were applied to ensure data trends 

could be observed. These increased loads consisted of loads at 75% and 85% of YS (814 MPa 

and 917 MPa, respectively).  

 

Figure 4.13: Static test results used to determine YS. 

4.3.1.2 Sample Fabrication 

For this experiment a total of 250 flexure samples were fabricated using an Arcam 

Q10plus machine with standard Ti-6Al-4V build themes (software version 5.0.64) from standard 

45-105 µm plasma atomized Arcam Ti-6Al-4V powder. The same powder used for sample 

fabrication in the preliminary pilot study was used in this final study and standard sieving and 

recycling practices were employed to efficiently utilize the initial starting material. A description 
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of how these 250 samples were allocated for testing is provided later in this section. The 

geometry of these samples were based on the ASTM C1161-13 configuration for four-point 

flexure test with 6.35 mm nominal bearing diameters [139]. This sample geometry is similar to 

that shown in Figure 4.1 in Section 4.2.1 , however, sample geometry was adjusted to be 76.20 

mm in length to ensure that sufficient length would be available for fixturing during surface 

treatments. This sample geometry can be seen in Figure 4.14. 

 

Figure 4.14: Sample geometry for future experimentation (Units: mm). 

To preferentially orient any potential AM layer defects in the flexure tests, samples were 

manufactured in the XZY and YZX orientations, as described in ISO/ASTM 52921-13 [140]. In 

order to help distribute heat across individual build layers and help ensure sample uniformity, 

each sample build, shown in Figure 4.15a, consisted of 40 samples which were laid out in a 

single layer with a 5 mm spacing between individual samples. Fatigue specimens were supported 

during fabrication with support structures designed such that (1) the samples were anchored to 

the build platform to prevent sample warpage and (2) the number of support teeth in the support 

span region on the sample were minimized. Figure 4.15b shows the support structure that was 

used. All samples in this first final series of experiments were built using the same build layout, 

therefore a minimum of seven builds were required to achieve the total number of samples. After 
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each build, manual removal of support structure was performed on successfully fabricated 

samples. Then random assignment to treatment groups was completed to help block for any 

adverse differences between a sample’s build or sample location within individual builds. 

 

Figure 4.15: Final sample layout for experiment #1 (a) Sample layout for EBM builds; (b) 

Support structures for fatigue samples. 

4.3.1.3 Post-Build Sample Treatment 

Random assignment of samples was done in such a way that it would follow the design of 

experiments (DOE) shown in Table 4.2. Uniform stress levels, that were calculated using 

previously described methods, were used to test seven different sample conditions (Control, HIP-

Control, HIP-Electrochemical Finishing (a.k.a. HIP-Electro), HIP-Isotropic Superfinishing 

(a.k.a. HIP-ISF), HIP-RASP, HIP-Machined (a.k.a. HIP-Mach)). Standard HIP practices outlined 

by [127], [125], and used in the preliminary experiments (820°C, ~2000 bar, 2 hours, rapid 

cooling) were used for all samples exposed to a surface finishing operation (HIP-Electro, HIP-



74 

 

ISF, HIP-RASP, HIP-Mach) in an attempt to minimize any effects of internal porosities. This 

HIP treatment was performed on all samples in a single HIP cycle. A collection of samples that 

were subjected to HIP treatment however were reserved (i.e. did not have any surface treatments) 

so that they could be compared to control samples that were in the as-built condition so that a 

baseline of the effects of HIP treatment could be established; these samples are termed HIP-

Control. The HIP-RASP treatment was also performed on HIP samples and followed the same 

protocols as described in Section 4.2.1.2 . However in this final experiment the treatment lasted 

for 4 minutes (with 30 seconds between 180 degree rotations of the sample) using SAE 660 

Erwin Steel Shot (54-61 HRC) and a rotational speed to accelerate the shot to 60 m/s. HIP-Mach 

samples were machined using CNC face milling operations to just remove the rough AM surface 

from HIP samples. Approximately 0.6 mm of material was removed from each face. Samples in 

the HIP-Electro group were treated by electrochemical finishing with the help of Faraday 

Technology Inc. For proprietary reasons, a full description of processing parameters cannot be 

provided for this treatment; however, a sequential waveform processing was developed to treat 

these samples. This sequence involved application of two waveforms; one 0.5-minute duration 

waveform (repeated twice sequentially) to rapidly remove material and a second slower 75-

minute duration waveform to achieve the final surface finish. HIP-ISF samples were treated by 

REM Surface Engineering using their Isotropic Superfinishing Process (ISF) as described by 

[143]. This chemically accelerated vibratory finishing process involved batch treating samples 

together for 40 hours so that approximately 1.016 mm (0.04 in) was removed bilaterally. Extra or 

miscellaneous samples were also allotted in the DOE in Table 4.2 in order to develop process 

parameters for HIP-Electro and HIP-ISF finishing methods as well as replace any samples that 

were deemed lost during treatment due to non-uniformity of sample treatments or discrepancies 
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during mechanical testing. Actual sample distribution used in experimentation is shown in Table 

4.3. Variation between proposed and actual DOE are due to modifications based on actualized 

fatigue test results and equipment availability. Additionally, all miscellaneous samples were used 

from the proposed DOE but are not reported in Table 4.3 as they would not be reported in final 

fatigue results. 

Table 4.2: Proposed DOE for fatigue study #1. 

Treatment 
Actual 

Samples 

Misc. 

Samples 

Total # 

Samples 

Control: NCSU 24 13 37 

HIP-Control: NCSU 24 6 30 

HIP-Electro.: Faraday Tech. 24 6 30 

HIP-ISF: REM Surface Eng. 24 6 30 

HIP-RASP: NCSU-MSE 24 6 30 

HIP-Mach.: NCSU 24 6 30 

Extra HIP Samples - - 63 

Total Samples to be Fabricated 144      43 250 

 

Table 4.3: Actual DOE for fatigue study #1. 

Treatment 
490 

MPa 

593 

MPa 

703 

MPa 

814 

MPa 

917 

MPa 

Total # 

Samples 

Control: NCSU 6 6 6 - - 18 

HIP-Control: NCSU 6 6 6 - - 18 

HIP-Electro.: Faraday Tech. 6 6 6 - - 18 

HIP-ISF: REM Surface Eng. 1 - 8 7 6 22 

HIP-RASP: NCSU 6 6 6 3 3 24 

HIP-Mach.: NCSU 1 1 6 7 6 21 

Total Samples Tested 26      25     38     17      15 121 

Additionally, to help facilitate uniform sample treatment and testing for this final 

experiment, specialty fixtures were developed. Such fixtures included (1) a static flexure, which 

was used in determining the yield stress and was then the basis for defining the various stressing 

levels in the experiment as shown in Figure 4.16, and (2) the fixture to suspend samples during 

RASP treatment as shown in Figure 4.17. 
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Figure 4.16: Static test fixture (a) As machined and (b) During operation. 

 

Figure 4.17: Rotationally accelerated shot peening (RASP) fixture. 

4.3.1.4 Characterization 

Similar characterization methods and protocols, as described in Section 4.2.1.3 , were 

performed for the final series of experiments aimed to address Objective #1, as outlined in 

Section 3.1 . As in the pilot study, the starting material morphology and PSD was assessed using 

a Microtrac 3500 particle size analyzer and a JEOL JSM-6010LA InTouchScope SEM, 
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respectively. Data from a minimum of three runs with the particle size analyzer was used to 

confirm that the PSD met the powder distributor’s specifications for size.  

The change in population and size of internal sample defects before and after HIP was 

characterized by OM using a HIROX KH-7700 digital microscope. OM was also used to observe 

changes to the samples’ microstructure from the HIP process. Focused Ion Beam (FIB) milling, 

as shown in Figure 4.18, was used to prepare Transmission Electron Microscopy (TEM) samples 

in order to assess the formation or thickening of surface oxides after the HIP process. EDS was 

also performed during preparation of TEM samples to determine the abundance of elements on 

the sample surface and see if there were areas of higher or lower concentrations in any particular 

regions.  

 

Figure 4.18: FIB processing of sample in preparation for TEM analysis. 

After being subjected to post-build surface treatment, surfaces were characterized using 

the same SEM and EDS protocols as described in Section 4.2.1.3 .  Surface roughness was 

analyzed for a 7-image x 2 image stitched map (7 x 2, combined 14 individual images) of the 
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surface, which was collected using a Keyence VK-X1000 Series 3D Laser Scanning Confocal 

Microscope. This method of surface roughness measurement collection was chosen because it is 

not dependent on contact tip radius and enables a visualization of the deep valleys in a surface. 

The 7 x 2 stitched area was generated using default lighting and processing parameters. 

Roughness measurements were performed using the Keyence MultiFileAnalyzer VK-X Series 

software (Version 2.1.2.17) associated with the microscope after tilt correction of the image was 

conducted with respect to the samples reference plane. The surface roughness parameters were 

collected from at least three different samples and were averaged together. A total of eight 

sampling areas in the stitched image, seen in Figure 4.19, were measured for surface roughness 

comparison to determine if stitching had an effect on the final measurements. Area 2-8 were 

1000 𝜇m by 1000 𝜇m areas selected inside of individual images within the stitch ensuring that 

the processed/stitched regions were excluded from these areas.  

 

Figure 4.19: Surface roughness measurement locations (Area1 = entire sample area). 

Spectroscopy elemental isotope analysis on solid samples was performed using two 

methods. First, solid samples were measured using a Thermo Scientific ARL™ Perform’X 

Sequential X-Ray Fluorescence Spectroscopy (XRF) Spectrometer and analytical reports were 

generated using the associated Thermo Scientific OXSAS software. Three measurements were 

collected for each of the samples and data was averaged together.  Chemical composition of 

powder samples was analyzed using a handheld Niton XL3t970 XRF Analyzer machine as the 

stationary ARL Perform’X was not suited for powder analysis. As it was known that the 
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detection of aluminum using the handheld Niton XL3t970 XRF Analyzer machine would not be 

as accurate as compared to the stationary ARL Perform’X measurements, a comparison of the 

two measurement methods was performed for solid samples. The reduced accuracy of 

measurement of aluminum in the handheld setup was due to X-rays having to pass back through 

two layers of polypropylene for detection. The comparison of measurement techniques was 

conducted to determine reasonability of the measurements for the powder samples. Additionally, 

a Leco OH836 Elemental Analyzer was used to determine the percentages of oxygen and 

hydrogen in samples. Measurements on two samples were averaged together. 

Vernier calipers were used to measure changes in sample dimensions through a before 

and after treatment comparison. For each sample, dimensions critical to the fatigue testing were 

measured a minimum of three times and the results were averaged together. Mass changes 

related to treatment were measured using an OHAUS Adventurer™ AR2140 balance after any 

HIP treatment so as to isolate changes resulting from surface treatment. Six standard Knoop 

microhardness measurements were collected per sample using a 500 g load on a Leco M-400 

Hardness Tester. After data collection, these measurements were averaged together for final 

reporting. A Quantachrome Instruments Ultrapyc 1200e gas pycnometer, equipped with a 1.8 cc 

meso cell, was used to collect density measurements of the samples. These measurements were 

repeated three times per sample and averaged together. 

After fatigue failure, fracture surfaces were analyzed using SEM to assess the source of 

failure. In some cases, manual completion of the fracture was required in order to image the edge 

where crack initiation occurred. Careful attention was given to not damage the fracture surface 

during manual fracture completion as well as transport to the SEM for imaging. Additional 
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statistical analysis of roughness, hardness, and density measurements was performed using 

JMP® Pro 14.0.0 software offered by SAS Institute Inc. [144].  

4.3.2 Results 

4.3.2.1 Powder Feedstock 

Predominately spherical powder morphology was observed in the starting material for 

sample fabrication. Similar evidences of plasma atomization to that described in Section 4.2.2.1 

for the pilot study were seen. Representative powder used to fabricate samples is shown in 

Figure 4.20. Prior to the first build the PSD of this material was found to fit within the standard 

specifications for EBM powder with a distribution of 50.16-98.64 𝜇m [D10-D90] by volume 

(40.56-75.89 𝜇m [D10-D90] by number). After the builds the PSD was shown to be 48.72-98.47 

𝜇m [D10-D90] by volume (38.87-74.19 𝜇m [D10-D90] by number). 

 

Figure 4.20: Powder used for sample fabrication objective #1 final experiment. 

4.3.2.2 Hot Isostatic Pressing 

Comparison of sample cross sections revealed, at this scale, that those samples subjected 

to HIP treatment (HIP-Control) had fewer number of observable defects than their counterparts 

which remained in the as-built condition (Control). This comparison can be seen in Figure 4.21. 
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Not all voids and defects seemed to be closed/healed during the HIP process, however the 

decrease in population was favored to focus on surfaces as opposed to internal defects.  

 

Figure 4.21: Comparison of defects before and after HIP (Red ellipses encompass porosity 

defects and blue rectangles encompass layer defects). 

Compared to as-built samples, noted discoloration of samples occurred during the HIP 

process, as shown in Figure 4.22. This oxidation of samples was related to a leak of the argon 

gas environment from within the HIP chamber resulting in higher oxygen levels surrounding the 

samples during HIP treatment. The variation of the amount of discoloration was found to be 

associated with the placement of the samples within the crucibles within the HIP chamber during 

batch treatment. Samples in the crucible closer to the center of the chamber looked similar to 

sample C in Figure 4.22, while those in crucibles nearer the edge of the HIP chamber were more 

heavily discolored like samples D and E in Figure 4.22.  
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Figure 4.22: Variation of oxidation on samples (a) As-built sample, (b-e) Samples after HIP. 

Elemental analysis of the sample surface on melted and partially melted regions, seen in 

Figure 4.23, was performed for as-built samples as well as those that were subjected to HIP 

treatment. The composition readings listed in Table 4.4 indicate that no obvious trends in 

concentration of elements could be seen to relate to the location of where EDS was performed. 

For some of the elements the limits of detection were not reached, therefore accurate 

determination of elemental data was not possible. Additionally, because of its elemental mass, 

the accuracy of oxygen readings may not be truly representative of oxygen content in the sample. 

From the data, it was seen that there were consistent readings which could support the hypothesis 

that the oxidation on the sample surface was a titanium-based oxide. 

 

Figure 4.23: EDS locations on oxidized surface after HIP (Spectrum 8 = area in melted surface 

(aka. melt), Spectrum 9 = area on partially melted powder particle (aka. particle)). 
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Table 4.4: Composition readings from surface EDS measurements. 

Sample (EDS) Ti 

(wt. %) 

Ti 

(σ) 

Al 

(wt. %) 

Al 

(σ) 

V 

(wt. %) 

V 

(σ) 

O 

(wt. %) 

O 

(σ) 

Control-Melt 

(B12-2) 

76.6 0.3 4.0 0 3.5 0.1 2.8 0.2 

Control-Particle 

(B12-2) 

71.8 0.3 4.2 0.0 3.2 0.0 2.5 0.2 

HIP-Melt 

(B03-3) 

66.2 0.3 3.4 0.0 2.3 0.0 9.2 0.2 

HIP-Particle 

(B03-3) 

67.0 0.3 3.8 0.0 2.5 0.0 7.5 0.2 

HIP-Melt 

(A13-2-MID) 

71.3 0.3 3.6 0.0 2.6 0.0 11.5 0.2 

HIP-Particle 

(A13-2-MID) 

69.3 0.3 4.1 0.0 2.5 0.0 12.6 0.2 

HIP-Melt 

(A13-2-END) 

75.0 0.3 2.1 0.0 2.8 0.1 4.1 0.2 

HIP-Particle 

(A13-2-END) 

70.7 0.3 3.7 0.0 2.5 0.0 4.3 0.2 

Oxidation formation or thickening on the samples was determined through comparison of 

TEM images of samples before and after HIP treatment. Figure 4.24 shows the TEM images 

used as part of this comparison. In all images, the samples are oriented with the interior of the 

sample at the bottom of the image and the surface of the sample at the top. Regions of blue and 

green indicate oxygen and titanium present in the sample, respectively. Black regions indicate 

space above the sample. The last image in the flowchart in Figure 4.18 can be used as reference 

for orientation of the images and ‘dead’ black space above the sample. In Figure 4.24, an oxygen 

rich layer can be seen on the surface of all samples, including the Control samples. Upon closer 

inspection this layer also contains trace amounts of titanium; this can best be seen in the image 

labeled as HIP-Control (B03-3) in the upper right corner of Figure 4.24. This layer is believed to 

be the oxide layer that resulted in the discoloration of samples. The thickness of this layer was 

found to be approximately 5 nm thick for Control samples non-subjected to HIP and 

approximately 50 nm thick after HIP treatment of samples. From the EDS and TEM results, 

described previously, as well as analysis of the titanium-oxygen phase diagram shown in Figure 
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4.25 presented by [145] and developed by [146], [147], the composition of the oxide layer is 

likely to be titanium-oxide. 

 
 

Figure 4.24: TEM cross-sections of oxide layer on sample surfaces (All scale bars = 50 nm). 

 

Figure 4.25: Titanium-oxygen phase diagram (Referenced from [145]). 

4.3.2.3 Surface Roughness 

Characterization of treated surfaces was done using SEM and laser scanning confocal 

microscopy. A collection of the SEM images gathered for analysis can be seen in Figure 4.26. As 

compared to the HIP-Control surface in Figure 4.26a, the surface treatments have drastically 

different appearances. Evidence of the compaction of surface particles from the HIP-RASP 

treatment can be seen in Figure 4.26c. This is shown in the regions of the partially compressed 
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valleys from the original surface and the surrounding flat surfaces. While the spherical nature of 

the surface particles from the metal AM surface can still be observed in Figure 4.26b, smoothing 

of these particles from the HIP-Electro treatment is clearly evident. The surface in Figure 4.26e 

exhibits remnants of the abrasive and etching steps in the ISF process. Figure 4.26d however, 

shows the most drastic surface changes from the as-built surface, seen in Figure 4.26a, as no 

features from the AM process surface remain after the machining operations. An EDS detector 

incorporated into the SEM was used to determine that no large amounts of residual materials 

from surface treatments were present in the SEM images. 

 

 Figure 4.26: SEM surface comparison (a) As-built HIP-Control; (b) HIP-Electro.; (c) HIP-

RASP; (d) HIP-Mach.; (e) HIP-ISF. 

Examples of the leveled surface maps collected for surface roughness measurements and 

locations of measurement locations are seen in Figure 4.27. In Figure 4.27, the upper images (a) 

for each treatment (HIP-Control and HIP-Electro) indicate where each measurement is taken on 

the surface. The lower images (b) in the pairs of images per treatment show leveled and 

normalized height maps of the surface with warmer colors (reds, oranges, etc.) indicating peaks 
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in the surface and cooler colors (blues, greens, etc.) indicating valleys. Here a reduction of peaks 

and valleys can be seen in the surface that has been subjected to surface treatment. 

 

Figure 4.27: Example surface roughness maps. 

Analysis of the stitching effects from generating the 7 x 2 stitched map of the individual 

surfaces is presented in Figure 4.28. In Figure 4.28, average Sa values, for a minimum of three 

samples per group, are reported for each area with Avg Sa1-Avg Sa8 corresponding to Area 1-

Area 8 represented in Figure 4.27, respectively. This comparison in Figure 4.28 showed a lack of 

statistical significance between measurements taken using the whole area (Avg Sa1) and other 

areas inside individual images (Avg Sa2-Avg Sa8) for each treatment. Therefore, measurements 

that followed were averages of the eight areas together. 
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Figure 4.28: Stitching effect comparison. 

The surface roughness results from the averaged measurements (N=24, eight 

measurements per sample for three samples) from the stitched images can be seen in Table 4.5. 

From the JMP® Pro 14.0.0 [144] analyses, the data was found to violate assumptions for 

normality and homogeneity of variance (results shown in Appendix A). Therefore, 

nonparametric Wilcoxon/Kruskal-Wallis tests and Dunn’s post hoc tests were performed with an 

alpha level of 0.05 to determine significance of treatment effect on the dependent surface 

roughness variable.  

Table 4.5: Surface roughness summary. 

(N = 24) Sa (μ ± σ) Sz (μ ± σ) Ssk (μ ± σ) Sku (μ ± σ) 
Control 43.42 ± 9.28 328.28 ± 109.25 -0.15 ± 0.22 2.37 ± 0.21 

HIP-Control 42.90 ± 5.55 313.62 ± 53.83 -0.17 ± 0.24 2.55 ± 0.37 

HIP-Electro. 17.17 ± 4.35 153.06 ± 44.90 -0.21 ± 0.36 3.11 ± 0.78 

HIP-ISF 7.39 ± 3.28 69.78 ± 21.68 -0.48 ± 0.93 4.55 ± 1.45 

HIP-Mach. 2.13 ± 0.46 47.23 ± 25.41 0.18 ± 0.60 14.34 ± 16.74 

HIP-RASP 12.78 ± 2.60 100.44 ± 29.45 -0.10 ± 0.49 2.86 ± 0.58 

Statistical significance was found in the 1-Way ChiSquare Approximation, with p-values 

<0.0001, for the arithmetical mean height (Sa), maximum height (Sz), and kurtosis (Sku). No 

significance was found for skewness (Ssk), which is indicated by a p-value of 0.0632. The one-
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way analyses by treatment are shown in Figure 4.29. Table 4.6 shows the nonparametric Dunn’s 

post-hoc comparison for Sa, Sz, Ssk, and Sku values with the control being the Control treatment 

group. None of the Dunn’s tests revealed statistical significance between the Control and HIP-

Control groups. No significance was shown between any of the groups for Ssk, however 

significance was shown for all other parameters for each surface treatment as compared to the 

Control group. 

 

Figure 4.29: One-way analysis by treatment results (Sa analysis in upper left; Sz analysis in 

upper right; Ssk analysis in lower left; Sku analysis in lower right). 
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Table 4.6: Dunn’s post-hoc test results. 

Control group (i.e. –Level) = Control treatment 

Sa (μm) 

Level  - Level Score Mean Difference Std Err Dif Z p-Value 

HIP-Control Control  -1.208 12.04159  -0.10035 1.0000 

HIP-Electro Control  -42.333 12.04159  -3.51559 0.0022* 

HIP-RASP Control  -58.083 12.04159  -4.82356 <.0001* 

HIP-ISF Control  -81.333 12.04159  -6.75437 <.0001* 

HIP-Mach Control  -108.583 12.04159  -9.01736 <.0001* 

Sz (μm) 

Level  - Level Score Mean Difference Std Err Dif Z p-Value 

HIP-Control Control 0.5000 12.04159 0.04152 1.0000 

HIP-Electro Control  -38.2500 12.04159  -3.17649 0.0075* 

HIP-RASP Control  -61.7500 12.04159  -5.12806 <.0001* 

HIP-ISF Control  -84.4583 12.04159  -7.01388 <.0001* 

HIP-Mach Control  -99.4167 12.04159  -8.25610 <.0001* 

Ssk 

Level  - Level Score Mean Difference Std Err Dif Z p-Value 

HIP-Mach Control 19.0625 12.04144 1.58308 0.5670 

HIP-RASP Control 6.6875 12.04144 0.55537 1.0000 

HIP-Control Control  -2.8333 12.04144  -0.23530 1.0000 

HIP-Electro Control  -5.8125 12.04144  -0.48271 1.0000 

HIP-ISF Control  -17.4375 12.04144  -1.44812 0.7379 

Sku 

Level  - Level Score Mean Difference Std Err Dif Z p-Value 

HIP-Mach Control 82.14583 12.04157 6.821854 <.0001* 

HIP-ISF Control 81.95833 12.04157 6.806283 <.0001* 

HIP-Electro Control 45.02083 12.04157 3.738784 0.0009* 

HIP-RASP Control 33.12500 12.04157 2.750887 0.0297* 

HIP-Control Control 14.29167 12.04157 1.186861 1.0000 

 

4.3.2.4 XRF and Leco 

Chemical analysis of the samples are reported in Table 4.7, Table 4.8, and Table 4.9. A 

comparison, using the two different measurement methods (handheld XRF and stationary XRF) 

on the same solid samples (Table 4.8), showed that there was a difference between the two 

methods. The measurements taken on the same EBM Control samples using the two different 

methods (Table 4.8) indicated that there was over a 38% difference between the measured 

aluminum content and a 6% and 13% difference for vanadium and iron, respectively. Because of 
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this, it is appropriate to assess the relationship between the measurements using the same 

method, but comparing between methods is not.  

To determine the ability of the handheld unit to detect the correct percentage of 

aluminum content, measurements were taken on the certified calibration sample used to calibrate 

the stationary XRF unit. For this certified calibration sample differences of over a 24%, 10%, 

and 19% in aluminum, vanadium, and iron were observed between the handheld XRF data and 

the certification report, respectively (Table 4.8). This indicates that the handheld unit is not 

capable of reporting highly accurate values for aluminum content and that the stationary unit 

should be preferred when it can be used as the same certification standard is used when 

calibrating the stationary unit. 

After completion of the builds, powder samples from before and after the builds were 

compared using the handheld XRF (Table 4.7). No significant differences were observed for this 

comparison. The LECO results in Table 4.9 shows that the feedstock before and after building 

the samples was found to exhibit an increase in both oxygen and hydrogen content, however both 

still met the standard requirements. 

An apparent decrease in wt.% of aluminum was observed after the samples were 

transformed into a solid samples through a comparison of the chemistry of the solid sample 

collected using the stationary XRF (Table 4.8) to the certification that was provided for the 

powder feedstock by the powder supplier (Table 4.7). The aluminum loss was found to be over 

13%, meaning the composition is closer to Ti-5Al-4V than Ti-6Al-4V. Comparing the handheld 

XRF data for the powder samples to the solid samples also indicated an evaporation of 

aluminum.  
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Table 4.7: Powder chemical analysis results for Al, V, and Fe. 

(wt. %) 
ASTM 

F2924 

Powder 

Cert. 

Handheld XRF – 

Powder Before 

Builds 

(𝝁 ± 𝝈) 

Handheld XRF – 

Powder After 

Builds 

(𝝁 ± 𝝈) 

Ti Balance Balance - - 

Al 5.50-6.75 6.45 4.32 ± 0.38 4.22 ± 0.37 

V 3.50-4.50 3.98 4.1 ± 0.22 4.05 ± 0.22 

Fe < 0.30 0.20 0.19 ± 0.04 0.168 ± 0.04 

 

Table 4.8: Solid sample chemical analysis results for Al, V, and Fe. 

(wt. %) 
ASTM 

F2924 

Solid 

Calibration 

Standard Cert. 

Handheld XRF 

– Calibration 

(𝝁 ± 𝝈) 

Handheld 

XRF- Solid 

(𝝁 ± 𝝈) 

Stationary 

XRF- Solid 

(𝝁 ± 𝝈) 

Ti Balance - - - - 

Al 5.50-6.75 6.455 5.03 ± 0.41 3.83 ± 0.36 5.64 ± 0.12 

V 3.50-4.50 3.84 4.27 ± 0.2 3.94 ± 0.19 4.19 ± 0.10 

Fe < 0.30 0.2 0.244 ± 0.04 0.21 ± 0.04 0.24 ± 0.01 

 

Table 4.9: Chemical analysis results for O and H. 

 ASTM F2924 

(wt. %) 

Powder 

Cert. 

(wt. %) 

Leco - 

Powder Before Builds 

(ppm (wt. %)) 

Leco - 

Powder After Builds 

(ppm (wt. %)) 

O < 0.20 0.14 1267.0 (0.126) 1386.5 (0.138) 

H < 0.015 0.002 31.2 (0.003) 39.0 (0.003) 

 

4.3.2.5 Dimension and Mass 

Average values for the dimensions critical to the fatigue configuration, seen in Table 4.10 

and Table 4.11, were observed to vary based on the applied surface treatment. In general, the 

surface treatments removed material fairly uniformly, however more material was removed on 

the 76.2 x 12.7 mm faces than the 76.2 x 3.3 mm faces for the HIP-Mach. group, shown in 

Figure 4.30. The changes in mass after post-build treatments are presented in Table 4.12. HIP-

RASP samples were seen to exhibit the least change with less than 2% difference after treatment 
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while HIP-Mach. samples had over a 32% difference in average mass after treatment. This 

further demonstrates the uniqueness of each treatment and its effect on the final sample. 

 

Figure 4.30: Dimensioned fatigue sample. 

Table 4.10: Dimensional width changes. 

Treatment (Tmt.) 

*Units: mm (in.) 
Width Before Tmt.* Width After Tmt.* Delta Width* 

Control 3.612 (0.142) - - 

HIP-Control 3.553 (0.140) - - 

HIP-Electro. 3.548 (0.140) 2.994 (0.118) 0.554 (0.022) 

HIP-ISF 3.519 (0.139) 2.562 (0.101) 0.957 (0.038) 

HIP-Mach. 3.508 (0.138) 2.580 (0.102) 0.928 (0.037) 

HIP-RASP 3.567 (0.140) 3.343 (0.132) 0.214 (0.008) 

Table 4.11: Dimensional thickness changes. 

Treatment (Tmt.) 

*Units: mm (in.) 

Height Before 

Tmt.* 

Height After 

Tmt.* 
Delta Height* 

Control 13.017 (0.512) - - 

HIP-Control 13.035 (0.513) - - 

HIP-Electro. 13.031 (0.513) 12.460 (0.491) 0.571 (0.022) 

HIP-ISF 12.973 (0.511) 12.101 (0.476) 0.871 (0.034) 

HIP-Mach. 12.965 (0.510) 11.484 (0.452) 1.481 (0.058) 

HIP-RASP 13.017 (0.512) 12.845 (0.506) 0.166 (0.007) 

 

Table 4.12: Mass changes. 

Treatment (Tmt.) 

*Units: g 

Mass Before 

Tmt.* 

Mass After 

Tmt.* 
Delta Mass* 

Control 13.201 - - 

HIP-Control 13.193 - - 

HIP-Electro. 13.168 11.571 1.582 

HIP-ISF 13.146 9.719 3.377 

HIP-Mach. 13.150 9.436 3.714 

HIP-RASP 13.247 13.063 0.170 
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4.3.2.6 Hardness and Density 

Results from the Knoop microhardness tests are outlined in Table 4.13. The 

Wilcoxon/Kruskal-Wallis tests and Dunn’s post hoc tests (alpha = 0.05) were used to determine 

effect of surface treatment on microhardness. These tests were selected after the microhardness 

data was observed to violate assumptions of normality and homogeneity of variance (results in 

Appendix A). Results from this analysis (Figure 4.31) indicate statistical significance was found 

only between the Control and the HIP-Control groups with a p-value of 0.0002. 

Table 4.13: Knoop microhardness results. 

(N = 18) Hardness (HK) (μ ± σ) 
Control 344.17 ± 7.64 

HIP-Control 313.66 ± 10.96 

HIP-Electro. 347.21 ± 7.30 

HIP-ISF 347.64 ± 17.89 

HIP-Mach. 348.13 ± 7.80 

HIP-RASP 336.44 ± 19.34 

  

Figure 4.31: One-way analysis by treatment results for Knoop microhardness (HK)  (Graph of 

data with mean diamonds (left); Test results (right)). 

Table 4.14 presents the results from the density measurements for each surface treatment 

group. Like the surface roughness and microhardness data, the density data was found to violate 
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the normality and homogeneity of variance assumptions for one-way ANOVA, therefore the 

Wilcoxon/Kruskal-Wallis tests and Dunn’s post hoc tests (alpha = 0.05) were used. Figure 4.32 

presents the results from the statistical test. It reveals a general increase in the density of samples 

after the HIP treatment and statistical signifance between the Control group and the HIP-RASP, 

HIP-Mach., and HIP-Control groups with p-values of <0.001, 0.001, 0.0032, respectively. 

Table 4.14: Gas pycnometry density results. 

(N = 9) Density (g/cc) (μ ± σ) 
Control 4.411 ± 0.005 

HIP-Control 4.427 ± 0.007 

HIP-Electro. 4.418 ± 0.002 

HIP-ISF 4.420 ± 0.003 

HIP-Mach. 4.439 ± 0.022 

HIP-RASP 4.435 ± 0.005 

 

Figure 4.32: One-way analysis by treatment results for density (g/cc)  (Graph of data with mean 

diamonds (left); Test results (right)). 

4.3.2.7 Fatigue Behavior 

Examination of the fatigue test results (Figure 4.33) show that all surface treatments were 

able to improve the fatigue performance of the EBM samples. In general, those treatments that 

were observed to have greater improvement on surface roughness (Section 4.3.2.3 ) tended to 
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exhibit longer fatigue lives. The hardened surface layer from the compaction with the HIP-RASP 

treatment also yielded improved performance. It was also observed from Figure 4.33 that some 

of the surface treatments had an impact on the variance of the final fatigue performance, in most 

cases increasing the variability. As several HIP-ISF and HIP-Mach. samples withstood more than 

2 million cycles without failure at 45, 55, and 65% YS, higher stressing levels (75 and 85% YS) 

were used to determine fatigue trends for the surface treatments. 

 

Figure 4.33: Fatigue results for understanding effect of surface treatments. 

To assess statistical significance of the effects of surface treatment on fatigue 

performance, Wilcoxon/Kruskal-Wallis tests and Dunn’s post hoc tests (alpha = 0.05) were used. 

Following recommendations from [148], normality and homogeneity of variance were tested for 

and the fatigue data was found to violate these assumptions for parametric ANOVA tests (See 
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Appendix A), therefore an appropriate nonparametric method was selected. Figure 4.34 shows 

the results from the statistical testing. A more detailed presentation of the results can be found in 

Appendix A. The results indicate statistical significance between HIP-Control and HIP-RASP at 

490 MPa, 593 MPa, and 703 MPa, with p-values of 0.0011, 0.0010, and 0.0078, respectively. 

The HIP-RASP treatment was observed to be significant, with a p-value of 0.0194, when 

compared to Control samples also at 593 MPa. At 703 MPa, significance was noted between 

HIP-Control and HIP-Mach. groups (p-value = 0.0003), HIP-Control and HIP-ISF groups (p-

value = 0.0017), Control and HIP-ISF groups (p-value = 0.0052), and HIP-ISF and HIP-Electro. 

groups (p-value = 0.0264). Significance was also observed between HIP-Mach. and HIP-ISF at 

814 MPa and 917 MPa with p-values of 0.0141 and 0.0135, respectively. 

 

Figure 4.34: One-way analysis by treatment results for four-point fatigue testing. 



97 

 

The relationship between the number of withstood fatigue cycles and the Sa and Sz 

surface roughness values was assessed for each stressing level (Figure 4.35 and Figure 4.36). As 

resources limited the collection of surface roughness measurements for every fatigue sample, this 

was done by calculating the average number of cycles at each stressing level for each surface 

treatment and then plotting that against the average Sa or Sz calculated for each surface 

treatment. Strong relationships were observed between roughness and fatigue cycles at each of 

the stress levels as the coefficients of determination (R2) are large for at the majority of the stress 

levels.  

 

Figure 4.35: Correlation of average fatigue cycles versus average Sa. 
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Figure 4.36: Correlation of average fatigue cycles versus average Sz. 

From a random sampling of fractured specimens, all were observed to fail due to surface 

imperfections like those shown in Figure 4.37. Typical features of failure were noted, including 

crack propagations with fatigue striations (Figure 4.38) and fast fracture indicated by Chevron 

marks and dimple rupture. In general, it was found that remaining valleys of the AM surface, not 

fully eliminated with the peening operation, were a primary failure initiation site for HIP-RASP 

samples. Surface dimples resulting from the HIP-Electro and HIP-ISF treatments were seen to 

lead to failure. The machining process resulted in surface scratches, which in turn led to the 

nucleation of cracks and ultimate failure. Additionally, the presence of fabrication defects (pores 

and layer defects) were observed in the final fracture surface of Control samples (Figure 4.39). 
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Figure 4.37: Representative fracture surfaces (Blue arrows indicate build direction). 
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Figure 4.38: Example of observed fatigue strations. 

 

Figure 4.39: Fabrication defects on control sample fracture surface. 

4.3.3 Discussion and Conclusions 

The aim of this research was to develop an initial understanding of the effects of surface 

treatment on the four-point fatigue behavior of EBM Ti-6Al-4V. The previous sections outlined 

the methods and results from the experimental work conducted to achieve this objective. This 

section will discuss some of the key findings in the results and serve as a basis for future 

experimental and developmental work.  

Fabrication and preparation of samples for surface treatment lead to a number of 

observations. The XRF results presented in Section 0indicated that a comparison of 
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measurements using both the handheld XRF and stationary XRF is not appropriate, but that 

relationships can be observed within each method. Additionally, the final composition should be 

measured using the stationary XRF unit. In these results, a reduction in aluminum content in the 

samples after the fabrication process was observed. The evaporation of the low-melting point 

elements in the EBM environment have been noted to change the composition of the final part 

composition [149]. This affects what theoretical composition values should be used in 

comparison of additional measurements, such as density and microhardness. As the composition 

for the samples is an aluminum depleted Ti-6Al-4V closer to Ti-5Al-4V.   

The HIP process resulted in a titanium oxide layer on the samples surface. Because this 

oxide was strongly bonded to the surface, it could not be removed from the samples without also 

in-turn damaging the as-built condition of the surface. Therefore, even though it was 

hypothesized that this oxide could affect the fatigue results, it was decided that preservation of 

the as-built quality of the surface was of utmost importance. The composition and thickness of 

this oxide layer was determined by TEM as accurate readings would not have been attainable 

from using EDS alone due to the roughness of the surface and thin nature of the oxide layer. The 

HIP process also likely affected the microhardness with a significant difference found between 

the Control and HIP-Control groups. Although this isn’t observed in the other treatment groups, 

it is believed that a relaxation of internal stresses or the random selection of samples for 

comparison is the cause. Sampling from the ends of random samples across the builds could have 

inadvertently resulted in sampling areas of differing hardness though. The observed differences 

in density are also likely related to the HIP process. The increase in density from the Control 

samples is believed to be linked to the ‘healing’ of internal voids.  
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As previously mentioned, the fatigue performance presented in Section 4.3.2.7 indicates 

that the surface treatments employed were able to improve the fatigue life. Additionally, it was 

observed that the specimens in the HIP-Control group did not withstand as many cycles as their 

Control group counterparts. It was hypothesized that the reduction of population and size of 

internal defects in the HIP-Control group would have resulted in higher cycle counts; however, it 

is believed that the oxidation layer impacted the final results. It is believed that the brittle oxide 

on the HIP-Control specimens failed early during the fatigue experiments and acted as a means 

for cracks to easily propagate through the rest of the sample thus leading to premature failure. As 

the subsequent surface treatments effectively altered the surface and/or removed the oxide layer 

the effects of the oxide were less prevalent or even non-existent. 
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CHAPTER 5 – Effect of Build Orientation on Four-Point Fatigue Performance 

5.1 Introduction 

A critical component of the final mechanical performance of metal AM parts is the 

selection of the part orientation during the fabrication process (a.k.a. build orientation) [58], [60], 

[67], [69], [72], [73]. The selection of build orientation affects the design of support structures 

and overall manufacturability of individual part features, but also the microstructure and 

directionality of the grains in the AM part [21]–[23], [26], [28], [54], [83], [85]–[87], [99], [101], 

[103]–[106], [108], [114]–[116]. While scholars have identified the significance of AM build 

orientation on mechanical behavior, the survey of literature focused on flexure fatigue 

performance presented in CHAPTER 2, revealed that the effects of build orientation were yet to 

be quantified. Understanding how fatigue behavior is affected by build orientation is critical to 

the effective design and fabrication of reliable components. Therefore, the goal of this chapter is 

to address the objectives and tasks outlined in Section 3.2  and to complement the experimental 

work completed in CHAPTER 4, which aimed to quantify the effects of surface treatments on 

the four-point flexure fatigue of EBM Ti-6Al-4V. The experimental approach in this study is 

presented in Section 5.2 and the results and conclusions of this work is offered in Sections 5.3  

and 5.4 . 

5.2 Materials and Methods 

5.2.1 Sample Fabrication 

For this study an experimental setup similar to the study described previously in Section 

4.3.1 was utilized, however the difference was that the sample orientation was not uniform 
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throughout testing. Like experiments outlined in CHAPTER 4, samples were fabricated from 

standard 45-105 µm plasma atomized Arcam Ti-6Al-4V powder with standard Ti-6Al-4V build 

themes (software version 5.0.64) using an Arcam Q10plus machine. Following the sample 

geometry outlined in Section 4.3.1 , samples were based on the four-point flexure test 

configuration from ASTM C1161-13 with 6.35 mm nominal bearing diameters [139] and a 

length of 76.20 mm (3 inch). Figure 4.14 shows this sample geometry. The largest theoretical 

differences in orientation was captured in the selection of three build orientations (XZY C+45, 

ZXY C+45, and ZXY A+45C+45) for this experiment. For simplicity of reporting, XZY C+45 

were referred to as angled horizontal (AH) samples, ZXY C+45 as vertical (V) samples, and 

ZXY A+45C+45 as tilted (T) samples. All samples were manufactured in a single build, as 

shown in Figure 5.1, to eliminate between build variations and isolate the effects of build 

orientation. Support structures highlighted in Figure 5.1 (b) and (c), follow the same design 

approach as listed in Section 4.3.1.2 . 

 

Figure 5.1: Final sample layout for experiment #2 (a) Build layout orientation effect study; (b) 

Support structures for AH (XZY C+45) and T (ZXY A+45C+45) samples and witness cylinders; 

(c) Support structures for V (ZXY C+45) samples and witness cylinders. 
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Samples were prepared for testing with manual support removal followed by HIP. The 

HIP parameters used are presented in Section 4.3.1.3 . The selection of post-build surface 

treatment for all samples in this study was based on the group subjected to HIP that indicated 

lowest variance in the number of cycles to failure. Of the samples that were subjected to HIP in 

the experiment outlined in Section 4.3 , this lowest variance group was the HIP-Control group so 

no post-build surface treatment was performed. 

5.2.2 Mechanical Testing 

Force controlled four-point flexure fatigue tests were conducted following a similar 

approach as that outlined in Section 4.3.1.1 . The applied loads were calculated based on the YS 

determined by the static 4-point flexure tests from Section 4.3.1.1 . A run-out value of two 

million cycles was also established to stop the tests if reached. The applied testing loads were 

calculated as 55% and 65% of YS (593 MPa and 703 MPa, respectively).   

5.2.3 Characterization 

Characterization of samples for this study was approached similar to that presented in 

CHAPTER 4. Surface roughness was assessed using a Keyence VK-X1000 Series 3D Laser 

Scanning Confocal Microscope, which was used to generate a 14-image map (7x2 stitched area) 

of the surface under default lighting and measurement settings. The Keyence MultiFileAnalyzer 

VK-X Series software (Version 2.1.2.17) was used to perform the roughness measurements on 

surface maps after tilt correction was completed for each sample. Eight distributed sampling 

areas in the stitched image were used to determine representative values for the various surface 

roughness parameters. The sampling locations used are illustrated in Figure 5.2. Sampling areas 
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(Area 2-8) were selected such that the 1000 𝜇m by 1000 𝜇m areas would be within individual 

stitch images so that overlapping/stitched regions were excluded from the area. 

 

Figure 5.2: Sampling locations for surface roughness measurement (Area1 = entire sample area). 

 Specimen mass was characterized using an OHAUS Adventurer™ AR2140 balance. 

Specimen dimensions were determined by averaging together three individual measurements, 

collected using Vernier calipers, of the same dimension. A scanning electron microscope (SEM) 

was used to characterize surface conditions and source of fatigue failure visually. If complete 

sample fracture did not occur during fatigue testing, manual completion was performed to be 

able to image the fracture surface with SEM. Statistical analysis of data was conducted using 

JMP® Pro 14.0.0 software offered by SAS Institute Inc. [144].  

5.3 Results 

5.3.1 Sample Inspection 

Average inspection values for fatigue critical dimensions and mass of each type of 

sample orientation are outlined in Table 5.1. Representation of how width and height are defined 

can be seen in Figure 4.30. In width, T samples were exhibited approximately 3% difference 

between other treatment groups while the comparison between AH and V samples showed only a 

0.18% difference. For average height values, V and T samples were more similar with a 0.46% 

difference while comparing these averages to AH samples there was a 2.88% and 3.33% 

difference between V and T samples, respectively. Comparing the mass of AH to V samples 
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revealed a 0.86% difference, while the comparison of AH to T samples exhibited a 4.35% 

difference and the comparison of V to T samples showed a 5.21% difference. While the sample 

layout limited the number of samples that could be fabricated for each orientation in one build, it 

can be seen that T samples had greater dimensional deviation from the intended model geometry 

and overall less mass than AH and V samples. Additionally, T samples were found to exhibit 

rounding of self-supported downward facing edges.  

Table 5.1: Sample inspection results. 

Orientation Count Avg. Width 

(mm) 

Avg. Height 

(mm) 

Avg. Weight 

(g) 

AH (XZY C+45) 6 3.581 13.156 13.143 

T (ZXY A+45 C+45) 16 3.469 12.724 12.583 

V (ZXY C+45) 20 3.588 12.783 13.256 

 

5.3.2 Surface Roughness 

Differences in surface characteristics of the various build orientations can be seen in the 

collection of SEM images presented in Figure 5.3. For imaging, samples were oriented such that 

the long edge of the final geometry (76.20 mm) was parallel with the top of the SEM sampling 

area. For this reason, the build direction varies with respect to the final SEM image. The layering 

effect of the AM process is clearly evident in all samples and is observed specifically in the melt 

tracks. All build directions revealed characteristic metal AM surface features including the un-

melted powder particles, melt tracks, and ejected particles on the surface.  
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Figure 5.3: Surface comparison of different build orientations (Orange arrows indicate build 

direction). 

Averaged surface roughness measurements from the stitched images can be seen in Table 

5.2. A total of 32 measurements (eight measurements per sample for four samples) were 

averaged together from the stitched images. Results from the JMP® Pro 14.0.0 [144] analyses, 

shown in Appendix B, indicate that normality and homogeneity of variance assumptions for this 

data were violated for all roughness measurements except the Ssk parameter. To ensure 

consistent testing of all roughness parameters, significance of build orientation effect on surface 

roughness was determined using a nonparametric Wilcoxon/Kruskal-Wallis tests and Dunn’s 

post hoc tests using an alpha level of 0.05. 

Table 5.2: Surface roughness summary for orientation study. 

(N = 32) Sa μm 

(μ ± σ) 

Sz μm 

(μ ± σ) 

Ssk (μ ± σ) Sku (μ ± σ) 

AH 46.989 ± 5.921 339.539 ± 47.902 -0.194 ± 0.202 2.373 ± 0.243 

T 38.870 ± 3.161 316.042 ± 52.586 -0.228 ± 0.167 2.604 ± 0.341 

V 54.475 ± 7.412 395.709 ± 58.291 -0.258 ± 0.179 2.477 ± 0.266 

 

Statistical significance was determined for the arithmetical mean height (Sa), maximum 

height (Sz), skewness (Ssk), and kurtosis (Sku) roughness parameters using the 1-Way 

ChiSquare Approximation method described in Section 4.3.2.3 . Significance was found for Sa, 
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Sz, and Sku with p-values of <0.0001, <0.0001, and 0.0097, respectively. No significance was 

found for Ssk as the p-value was 0.3479. Figure 5.4 shows the results of the one-way analyses 

conducted for each of the roughness parameters. The results of the Dunn’s post-hoc 

nonparametric comparison with using AH samples as the control group are shown in Table 5.3. 

AH samples were selected as the control as it would provide more direct comparison to data 

presented in CHAPTER 4. Statistical significance was shown between AH and V samples for the 

Sa and Sz parameters. The comparison between AH and T samples indicated statistical 

significance for Sa and Sku parameters. No significance was observed between the control, AH 

orientation and either the V or T orientations for Ssk. 

 

Figure 5.4: One-way JMP analysis by orientation results (Sa analysis in upper left; Sz analysis in 

upper right; Ssk analysis in lower left; Sku analysis in lower right). 
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Table 5.3: Dunn’s post-hoc test results. 

(Control Group (i.e. –Level) = AH Build Orientation) 

Sa (μm) 

Level  - Level Score Mean Difference Std Err Dif Z p-Value 

V AH 22.4063 6.964194 3.21735 0.0026* 

T AH  -31.3125 6.964194  -4.49621 <.0001* 

Sz (μm) 

Level  - Level Score Mean Difference Std Err Dif Z p-Value 

V AH 25.5313 6.964194 3.66607 0.0005* 

T AH  -13.9063 6.964194  -1.99682 0.0917 

Ssk 

Level  - Level Score Mean Difference Std Err Dif Z p-Value 

T AH  -4.6250 6.963887  -0.66414 1.0000 

V AH  -10.0781 6.963887  -1.44720 0.2957 

Sku 

Level  - Level Score Mean Difference Std Err Dif Z p-Value 

T AH 21.14063 6.964076 3.035668 0.0048* 

V AH 11.46875 6.964076 1.646844 0.1992 

 

5.3.3 Fatigue Behavior 

Results of the fatigue testing (Figure 5.5) indicate that build direction impacts the fatigue 

performance as samples fell into groups based on fabrication orientation. In general, V samples 

did not withstand the same number of cycles as their T or AH counterparts, but because the data 

overlaps one another further visual analysis is difficult. Comparing AH data to HIP-Control data 

from CHAPTER 4, indicates that HIP-Control samples had a better fatigue life. 
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Figure 5.5: Fatigue results for understanding effect of build orientation. 

Assessment of the statistical significance of build orientation was completed using 

nonparametric Wilcoxon/Kruskal-Wallis tests and Dunn’s post hoc tests (alpha = 0.05) based on 

recommendations found in [148]. This was performed after the data was found to violate 

homogeneity of variance assumptions. Results from normality and homogeneity of variance tests 

can be found in Appendix B. All statistical analysis was performed using JMP® Pro 14.0.0 

[144]. From the nonparametric and post-hoc test results (Figure 5.6 and Figure 5.7), it is 

observed that fabrication orientation was significant for both tested stress levels. In both cases, 

the p-values in the Dunn’s post hoc test for the comparison between the V and T samples (0.0007 
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and 0.0019, respectively) indicates the largest difference of means. The spread of the data is seen 

to increase at lower stressing levels, thus following expected fatigue trends from literature. 

 

Figure 5.6: One-way analysis by orientation results for fatigue behavior at 593 MPa (Graph of 

data with mean diamonds (left); Test results (right)). 

 

Figure 5.7: One-way analysis by orientation results for fatigue behavior at 703 MPa (Graph of 

data with mean diamonds (left); Test results (right)). 

SEM imaging of fractured samples indicated that failure was initiated from imperfections 

at the sample surface (Figure 5.8). From Figure 5.8, evidence of faster fracture was observed for 

V samples as compared to that of AH and T samples. This can be attributed to a more 

preferential orientation of layer defects as well as surface texture which are both associated with 
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the direction of fabrication (AM build direction) for AH and T samples. The results from the 

SEM micrograph analysis aids to further support the fatigue results presented in Figure 5.5.  

 

Figure 5.8: Representative fracture surfaces (Orange plane indicates orientation of SEM image 

with respect to AM build direction). 

5.4 Discussion and Conclusions 

This chapter described a series of experiments focused on understanding the impact of 

build/fabrication orientation on the four-point fatigue behavior of EBM Ti-6Al-4V. Previous 

sections discussed the experimental methodology and results of this work in the pursuit of 

achieving this objective. The remainder of this chapter will provide a discussion of the key 

findings and outline directions for future work. 
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Fabrication of samples resulted in observable variances in the characteristic surface 

roughness and overall part quality between the three distinct build orientations. The lack of 

support structures under the theoretically self-supporting edge of T samples resulted in rounding 

of the downward facing edges. This rounding would likely explain the large discrepancy in 

geometry as well as in overall final sample mass, which are presented in Section 5.3.1 . The 

significance in roughness values from Section 0 also supports the impact of the layering process 

on the samples. 

As described previously, analysis of the fatigue performance presented in Section 0 

reveals that direction of sample fabrication (build orientation) does impact fatigue performance. 

The fact that some sample orientations failed earlier than others can be attributed to the 

difference in orientation of process-induced fabrication defects within each sample. Changing 

how samples are oriented with respect to the layering process would mean that layer defects or 

porosity from uneven powder spreading/melting of each layer are oriented differently in relation 

to the final testing axis. This would help explain why V samples withstood the least number of 

cycles out of the three orientations. Comparison of the AH samples to similar samples from 

CHAPTER 4 indicates a reduced fatigue performance for AH samples. As the samples of similar 

orientation were subjected to the same conditions after fabrication, it was expected that the data 

would have overlapped more than it did. While there are differences in the number of withstood 

cycles of HIP-Control samples (𝜇(590 MPa) = 17,534.17 cycles, 𝜎(590 MPa) = 5,466.14 cycles; 

𝜇(703 MPa) = 9820.50 cycles, 𝜎(703 MPa) = 1,309.13 cycles) an AH samples (𝜇(590 MPa) = 

12,330.67 cycles, 𝜎(590 MPa) = 1962.91 cycles; 𝜇(703 MPa) = 8090.67 cycles, 𝜎(590 MPa) = 

412.87 cycles), the results are within standard deviations meaning that the effects of small 

sample sizes within each study are being observed. Additional causes for the general increased 
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life of AH samples could include the build preparation (CAD file preparation, setup, etc.) or 

feedstock quality. Samples for CHAPTER 5 were manufactured using feedstock that remained 

after fabrication of samples for the study in CHAPTER 4. While the powder was sieved to 

remove lager particles outside of standard ranges before fabrication, the general feedstock 

morphology and composition could have deviated slightly as a result of recycling during the 

CHAPTER 4 study. Further review of the 𝑅2 values in Figure 5.5, shows fairly good fit for T 

and AH samples, however inclusion of more V samples could be beneficial for obtaining a better 

fit.  
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CHAPTER 6 – Development of Process and Design Recommendations 

6.1 Introduction 

Effective selection of a processing sequence for a component is dependent on 

understanding how intermediate forms and characteristics effect its ultimate functionality. 

Knowing how electron beam melting (EBM) components are affected by the choice of build 

orientation and post-build treatments is vital to product development decisions. Much work has 

been aimed towards this goal, including the experimental work from CHAPTER 4 and 

CHAPTER 5, however synthesis into practical references is imperative for making the 

information useful in practice. Efforts to outline existing challenges and criteria for process 

selection can be found in the literature [150]–[153]; however incorporation of quantifiable data is 

limited. The purpose of this chapter is to demonstrate how the findings from previous 

experimental work can be utilized in the planning of a new product that will be built using metal 

AM. The principle focus of this chapter will be on surface finish. A simple part is used to 

demonstrate the selection of preferred surface conditioning method out of those investigated 

previously, which could be used to achieve desired part specifications. The chapter will also 

demonstrate how the production requirements/planning for a new product are affected by altering 

this single design requirement by outlining the effects on the geometric form of the final product. 

This chapter addresses objective 3 and the associated tasks outlined in Section 3.3 . 

6.2 Considerations for Post-build Treatment Selection 

Post-build treatment selection can be thought of as the selection of secondary processes 

following the primary or base process. As discussed in Section 1.1.2 , these processes effectively 

refine a part by altering its geometry, appearance, and/or physical properties with the goal of 
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increasing its overall functionality and value. When contemplating which treatment(s) should be 

selected several factors must be taken into consideration. These can typically be categorized into 

four broad groups including design constraints (feature/part size, geometry, etc.), processing 

constraints (equipment limitations, material manipulability, etc.), service conditions 

(temperature, force, etc.), and economic issues (production volume, tooling/equipment costs, 

lead times, etc.) [150]. The use of EBM as the primary manufacturing method adds further 

nuances to these categories as factors such as feedstock material selection, microstructure 

orientation (resulting from choice of build direction), support structure removal, surface quality 

(relating to layer-wise fabrication and downward facing surfaces) [153] must also be taken into 

account.  

Surface related considerations, such as resulting surface quality after fabrication or 

treatment, are of particular interest to this work because of their direct impact on fatigue 

performance. The experimental work from CHAPTER 4 and CHAPTER 5, focused on 

understanding the impact of surface treatments and build orientation on EBM Ti-6Al-4V fatigue 

performance. As a result, the data also provided valuable insight that product designers and 

engineers could use in decisions in order to achieve product performance specifications using 

proper surface finish and geometric fit in the design specification. Presentation of key factors and 

recommendation considerations is provided in Sections 6.3 and 6.4 . 

6.3 Surface Finish Recommendations 

Surface finish describes the nature of a surface including its surface roughness, texture, 

etc. It plays an important role in the mechanical performance of a part and in particular its fatigue 

life [154], [155].  Surface irregularities on the free (outermost) surface of a part often dictate 
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fatigue performance because they act as sites of concentrated stress where failure can initiate 

from [155]. The finish of a surface is directly dependent on the process used to produce the part 

as well as any additional secondary treatments performed.  

Components made using additive manufacturing (AM), specifically EBM, have unique 

surface characteristics like peaks, valleys, and re-entrant/undercut features (Figure 6.1), which 

affect the surface roughness of the final part. These asperities are produced in the repetitive 

layer-wise consolidation of the metal powder feedstock during manufacturing. This is because 

each layer has partially melted/fused particles surrounding the melted bulk of the parts interior, 

which when stacked together create the characteristic EBM profile as described previously. 

These attached surface particles occur as result from the selection of melting parameters (hatch 

spacing, spot size, etc.) and the dissipation of energy from the melted area into the surrounding 

powder bed [156]. This means that while the distinct rippled appearance observed on vertical 

edges parallel to the build direction (Z-axis) [157] can be minimized it will always exist because 

it is related to process physics.  

 

Figure 6.1: Example of as-built AM surface profile indicating common surface features. 

The ‘stacking’ of layers with irregular contours from partially melted/fused particles also 

dictates the lay (or direction of the dominant surface pattern) of an AM surface to follow the 
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build direction (Figure 6.2). As shown by results from CHAPTER 5, this pattern affects the 

fatigue performance. This is because failure will occur where stresses are more concentrated, 

between layers where smaller radiuses of curvature in the valleys or re-entrant/undercut features 

are predominant, when loads are applied. Promotion of premature four-point fatigue failure is 

more likely to occur the further the orientation of the lay is from the axis of loading (i.e. the 

direction of applied load). This is why V samples in CHAPTER 5, were found to fail before AH 

samples (Figure 5.5). For this reason, it is recommended that for the as-built condition the 

orientation selection is such that critical features are built to have layers parallel to the bending 

axis of the final applied flexure load. In the instance of the simple bracket shown in Figure 6.3, it 

would be critical to orient the central axis of the three primary holes (Hole #1-3) parallel to the 

XY plane (Figure 6.3b,c), since when it is in use the two structural arms would be used to move 

a load about the axis of Hole #1. This orientation would mean the lay would be along the two 

arms of the bracket along the XY plane and preferential fatigue properties would be aligned with 

the applied forces down the two arms of the bracket when the part is in use. Other factors, such 

as placement of support structures, could however impact the final selection of build orientation 

for the case study example. While it is not within the scope of the discussion on surface finish, 

this recommendation is also further supported as it is desirable to preferentially orient any 

possible internal defects from the layering process perpendicular to the bending axis. 
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Figure 6.2: Representative AM surfaces for different build orientations. 

 

Figure 6.3: Case study geometry. 

 Although the surface finish of EBM parts is initially dictated by the direction of layer-

wise fabrication, use of additional surface treatments affect it by altering the magnitude and 
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shape of peaks and/or valleys. Each of the post-build treatments, investigated in CHAPTER 4, 

improved the fatigue behavior. This was done primarily through reduction of surface roughness 

(i.e. reduction of deviation from a nominal mean plane) but in some cases through possible 

introduction of additional surface stresses. The inverse correlation between surface roughness 

and average number of withstood fatigue cycles is documented in literature [158]; however, it is 

understood that roughness is not the only surface characteristic affecting fatigue life.  

The shape and location of surface imperfections after surface treatment help dictate 

fatigue behavior. This is because, as described previously, fatigue failure often occurs at areas 

with smaller radius of curvature where concentration of stresses occur. This would mean deep 

jagged flaws, or otherwise pointed imperfections, would be less preferred than those that are 

rounded and shallow. The surface treatments investigated in Section 4.3 produced surfaces with 

distinct textures and imperfections (Figure 6.4). Machined surfaces typically exhibit surface 

striations (or gouges) from shearing the material from the tools tip to the free surface of the part. 

Other mechanical processes can also have evidence of material shearing from the surface; 

however, some compact the surface leaving more hidden re-entrant/undercut features and/or 

work hardened dimples in the surface. Chemically assisted processes often leave AM surfaces 

with wide shallow valleys as etchants attack the surface uniformly removing re-entrant features 

and sharp peaks that dissolve first.   
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Figure 6.4: Surface imperfections from surface treatments (a) Machined surface (150x); (b) 

Electrochemically finished surface (100x); (c) Isotropic superfinished surface (100x); (d) 

Rotationally accelerated shot peened surface (100x). 

Equally as important as the shape of surface imperfection is their location, and in turn 

orientation, in the final application. If avoidable, surface flaws should not be near regions where 

high stresses occur. In the case of the example part, it would mean flaws shouldn’t be near any 

holes or at the interface between the load bearing arms and the body of the part (Figure 6.5). As 

in the discussion of lay of the AM surface, the preferential orientation of a surface flaw is 

parallel to the fatigue bend direction. For the case study example, this would mean that the 

longest length of any imperfection (machining striations, etc.) should follow the length of the 

load bearing arms (Figure 6.3). Achievement of this ideal however is limited by process 

constraints. For example, the HIP-ISF, HIP-Electro., and HIP-RASP processes are relatively 

random because they rely on chemical reactions and/or the abrasive interaction with moving 
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media. Machining is equally as limiting because tool accessibility may prevent material removal 

in certain orientations, thus restricting the direction of striations on the surface. 

 

Figure 6.5: Example imperfections (a) Original defect free model; (b) Example of defect at 

critical hole feature; (c) Example of surface imperfection on critical surface. 

While the subject is outside of the scope of the discussion on surface finish, subsurface 

defects also play an important role on fatigue performance [158]. These defects relate to process 

parameters and distribution of feedstock powders in each layer of the EBM process. Heat 

treatments are utilized to reduce the impact of these features by minimizing the size and/or 

population of such defects. These heat treatments have potential to affect the surface through 

thickening of surface oxide layers, however surface roughness values were not generally found 

to increase outside of standard errors in the measurements (see discussion in Section 4.3.2.2 and 

Section 4.3.2.3 ). 
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The type of surface defects that remain after a surface treatment should not be the only 

factor in the selection of treatment(s); the part geometry must also be analyzed. This can be done 

by looking at the part as a whole or by looking at a breakdown of the part into individual 

features. As described in Section 1.2 , features are designated geometric elements of a 

component (e.g. holes, flats, pockets, etc.), typically associated with a tolerance callout. Thinking 

of the geometry in the terms of features, narrows the selection of treatments based on feature 

accessibility and desired tolerance as well as the preferred type of surface defect(s) mentioned 

previously. Figure 6.6 shows the critical features of the part used here as a case study. Blue 

surfaces are used to represent holes, red for flats, and green for freeform surfaces. Non-critical 

features, which have the loosest geometric and dimensional tolerances of all features in the part, 

are represented in gray color. Figure 6.7 reports some of the surface roughness callouts for the 

features discussed as part of this case study. In the example, the red and blue surfaces would be 

contact surfaces or primary load bearing regions with Sa (arithmetical mean height) of 2 𝜇m and 

therefore would need to be treated with a process that ideally has the smallest deviation and the 

lowest roughness value. Based on loading and roughness criteria, HIP-Mach. (from Section 4.3 ) 

would be a preferred treatment for these colored (red and blue) surfaces (see Table 6.1). 

However, as this part would also need to last longer than 50,000 loading cycles for stresses 

between 500-700 MPa in the final application, this would imply that non-critical (gray) surfaces 

also need to be subjected to treatment of some kind.  
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Figure 6.6: Critical features on case study bracket (Blue = critical holes; Red = critical flats; 

Green = critical freeform surface). 

 

Figure 6.7: Case study part with surface roughness callouts (All roughness units: μm). 

Table 6.1: Achieved roughness compared to expected average fatigue life. 

Treatment Sa μm 

(μ ± σ) 

Average # Cycles at Stress Level (Rounded up) 

490 MPa 593 MPa 703 MPa 814 MPa 917 MPa 

Control 43.42 ± 9.28 51,954 25,085 14,079 - - 

HIP-Control 42.90 ± 5.55 35,586 17,535 9,821 - - 

HIP-Electro. 17.17 ± 4.35 95,931 54,524 31,397 - - 

HIP-ISF 7.39 ± 3.28 2,000,000 - 1,032,040 45,771 30,628 

HIP-Mach. 2.13 ± 0.46 2,000,000 2,000,000 1,381,546 113,865 74,133 

HIP-RASP 12.78 ± 2.60 1,007,379 469,020 179,383 65,841 29,610 
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With these thresholds set, certain treatments from Section 4.3  should be considered for 

non-critical surfaces, including HIP-ISF, HIP-RASP, and HIP-Mach as they all would be able to 

achieve the roughness specifications (Table 6.1). As it would require more planning and setup 

time, HIP-Mach is less ideal for non-critical surfaces, which do not require the same strictness of 

tolerance. Therefore, HIP-ISF and HIP-RASP, which are more bulk treatment processes, would 

be preferred to minimize overall finishing times. In order to achieve the machined finish on the 

critical features, treatment order would dictate that one of these treatments should proceed the 

final machining step. Because the HIP-RASP treatment theoretically work hardens the surface 

subsequent machining processes might become more difficult to achieve, thus HIP-ISF is a 

preferred process for non-critical features. 

6.4 Form Recommendations 

While surface treatments reduce surface roughness, they also can impact the form of the 

part; therefore, form must also be considered when evaluating the reliability of a component. 

Form is a means to describe the three-dimensional nominal geometry of a part as well as the 

acceptable amount of deviation from the nominal. The ability to achieve specific form 

requirements is dependent on two things. First, the process used to generate the final surface 

itself and second, the amount and accessibility of material that needs to be removed.   

The initial form of the near-net shape geometry in this discussion is first established by 

using the metal AM process. Excess or inadequate amounts of material on a feature primarily 

dictates whether the final part can be harvested using subsequent surface treatments. Figure 6.8 

shows some representative examples of build defects, including layering (Figure 6.8a) and 
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warping (Figure 6.8b) defects. For the purpose of this discussion however, such defects will not 

be considered so that attention can be directed to impacts of surface treatments. 

 

Figure 6.8: Example defects from build process. 

Surface treatments from CHAPTER 4 are able to produce surfaces with unique limiting 

specifications (e.g. minimum Sa). Additional considerations however must be taken for some 

surface treatments as they can result in features with rounded corners and witness marks from 

treatment. For example, parts treated with HIP-ISF or HIP-RASP would exhibit heavily rounded 

corners as those shown in Figure 6.9. Such alteration to the geometry in these cases is primarily a 

result from media striking the part, in some cases hitting the edges directly, or in such a way that 

material was sheared from the corners. Remnants from the treatment process are also sometimes 

unavoidable. For example, both the HIP-RASP and HIP-Electro treatments require points with 

which to fixture the part during treatment. This fixation essentially acts as a surface mask, 

meaning treatment is not performed on the surfaces used to mount the part. For this reason, 

special consideration must be given to the placement of contact points so as to avoid critical 
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features since the interface between different surfaces could affect fatigue performance. Work 

has been done to determine optimal placement of support structures for critical features [159], 

however the application was not intended to address improvement of fatigue behavior. More 

experimental data beyond the scope of this present work is needed to be able to develop more 

detailed recommendations regarding selection of contact point placement. 

 

Figure 6.9: Example edges after HIP-RASP (a, e), HIP-ISF (b, d), and HIP-Electro. (c, f). 

In order to compensate for any inaccuracy, from the AM process or subsequent surface 

treatment, additional material may need to be added to the nominal geometry so that excess 

material is present for creation of the part. This material can be deemed as ‘overgrowth’. Adding 

material to the entirety of a part is one way to ensure the part could be harvested successfully; 
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however, this approach is very wasteful, as it demands more resources (material and 

manufacturing/processing time) than may be necessary. While it requires slightly more 

forethought, selective overgrowth on a per feature basis is a more preferable approach. This is 

because material can be added specifically to individual critical features requiring surface 

treatment based on the material removal rates of the processes selected for finishing the feature.  

Figure 6.10 shows an example of this selective feature-based overgrowth for the case study 

component in this work.  

 

Figure 6.10: Feature based overgrowth (Reproduced with permission from [159]). 

Deciding how much to overgrow a feature is important. Not properly accounting for 

overgrowth could negatively impact the AM fabrication of the part. Excessive amounts would 

increase fabrication times and potentially increase the complexity of AM support structures, 

especially for amounts that would not be self-supporting. Additionally, excessive amounts would 

ultimately require more time for material removal during post-build treatments. Insufficient 

amounts however would limit the ability for any secondary treatments to generate the nominal 

geometry with the intended specifications. For the surface treatments in CHAPTER 4, the 

minimum amount of required overgrowth is listed in Table 6.2. The values in this table were 

determined from average material removed per free surface during each treatment. Based on 
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these amounts, the example case part would need to be overgrown by 0.46 mm on all surfaces so 

that there would be enough material for HIP-ISF treatment. Then in addition a minimum of 0.15 

mm of material would need to be added to critical red and blue surfaces for subsequent 

machining.   

Table 6.2: Minimum overgrowth recommendations. 

Treatment Minimum 

Overgrowth on Free 

Surface (mm) 

HIP-Electro. 0.29 

HIP-ISF 0.46 

HIP-Mach. 0.61 

HIP-RASP 0.10 

 

6.5 Discussion and Conclusions 

Within this chapter, a discussion regarding key fatigue behavior factors and process 

selection criteria highlighted the complexity and nuances of designing and planning a part using 

metal AM. Previous sections outlined several recommendations that were developed to assist 

designers with the achievement of part specifications. Demonstration of these recommendations 

was also provided for a simple case study example. The remainder of this chapter will give an 

overview of the main findings and outline directions of future work. 

With the impact of surface finish on fatigue life being of primary interest in the 

discussion, the development of a plan for finishing a part should account for the produced 

surface finish and ultimate achievement of form. Therefore, the selection of surface treatment 

must first consider the average roughness specifications they can achieve as well as the type of 

treatment witness marks left after processing. Next, surface treatments should be selected based 

on their ability to produce individual part features and/or overall geometry since some processes 
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require line of sight to perform treatment and may not be able to reach all areas of the part. For 

example, while machining can produce surfaces with low roughness values, the process requires 

the cutting tool to be able to reach the surface it is removing material from. Similarly, an 

electrochemical finishing treatment would require tooling that allows for current to pass 

uniformly across the surface(s) being oxidized and dissolved, otherwise uneven etching would 

occur. With such decisions in mind, preplanning of overgrowth allowances should be utilized to 

ensure that there is enough material for removal and that any inaccuracies of treatment or 

fabrication are accounted for. It is recommended that allowances be made based on the 

individual treatment being used for each part feature it is applied to. 

Thinking of a part as individual features is useful for deciding an optimal or ideal 

treatment to use for finishing it, however its functionality is determined by how individual 

features cooperate and/or interact with one another. For this reason, the interface between 

different surface conditions should also be of interest. While this dissertation has focused on 

establishing a fundamental understanding of each surface type and its effects, future work should 

address the effects of applying different treatments to the same part and how the interface 

between them affects fatigue performance.  

Additional experimental efforts also need to be focused on defining the combinational 

and sequential effects of various surface treatments on a part. The scope of this work was limited 

to single surface treatment of the samples; however, as demonstrated by the case study, 

sometimes multiple treatments are required. Interaction of multiple treatments on the same 

surface has yet to be defined and could drastically affect how subsequent treatments alter the 

surface and ultimate fatigue performance.  
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Finally, while it is not in the context of this discussion, it is important to emphasize that 

non-surface-based factors can also have significant influence on the fatigue performance of a 

part. Microstructure and orientation of internal AM layering defects are examples of these. The 

anisotropy of the microstructural grains, highlighted in Section 0, results in directional 

mechanical properties. Defects, such as lack of fusion (LoF) defects, also contribute to 

directional mechanical behavior. Some of these issues are addressed as part of CHAPTER 4 and 

CHAPTER 5, however detailed characterization of internal sample effects on the fatigue 

behavior is still needed for conditions assessed in previous chapters. This characterization should 

involve multi-section sample analysis in addition to the processes used in CHAPTER 4 and 

CHAPTER 5. 
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CHAPTER 7 – Research Summary 

The implementation of metal additive manufacturing (AM) techniques into industrial 

practice has been slow since the initial development of the technology for several reasons. One 

of the roadblocks for adoption of AM has been the limited ability to predict the mechanical 

properties of high-performance AM built components, especially the four-point fatigue behavior. 

The unique, rough AM surfaces, directional microstructure, and layer-wise defects produced 

during the fabrication process add vast complexity to this problem because they directly impact a 

part’s fatigue behavior and ultimate functionality. When as-fabricated metal AM components 

cannot directly satisfy design specifications post-build treatments are often employed to enhance 

mechanical performance. Selection of part orientation during fabrication can additionally be used 

to alter the functional performance of a part. A comprehensive understanding of the effects of 

such surface modification and selection of build orientation is still needed to predict the four-

point fatigue response of AM parts. Motivated by this need, this dissertation investigates the 

effects of three different build orientations and the surface characteristics of mechanical and 

chemical surface conditioning methods on the fatigue life of Ti-6Al-4V components produced 

via electron beam melting (EBM). An experimental approach was used to characterize the 

relationships between measured fatigue performance, surface condition, and build orientation. 

In CHAPTER 1, an introduction to the topics of interest and motivation of this 

dissertation research was presented. The relationship between metal additive processes and need 

for post-manufacturing processes was identified. Additionally, an overview of mechanical testing 

and process planning was given. The background of each of the topics was used to develop 

individual research objectives and provide a guide for the scope of work for the dissertation. 
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In CHAPTER 2, a comprehensive review of literature presented common research 

themes and identified opportunities for expanding current understanding of fatigue behavior of 

AM Ti-6Al-4V components. Four-point fatigue tests were identified as a choice testing 

configuration for studying the impact of surface treatments and build orientation because of its 

extended loading region and use of more simplistic sample geometry. Additionally, an overview 

of common design considerations and current guidelines was also given and it established the 

need of including recommendations for post-build surface treatments in future AM design 

guidelines. 

In CHAPTER 3, several research objectives were defined based on the findings from 

CHAPTER 2. This provided a template for the remaining chapters of the dissertation work. For 

each objective, specific tasks were outlined, including development of characterization protocols, 

collection of key metrics, and synthesis of results. These tasks effectively structured the 

experimental work of this dissertation. 

In CHAPTER 4, the tasks proposed to address the objectives outlined in Section 3.1 were 

completed.  Surface appearance was characterized for all treatment groups using optical 

microscopy (OM) and a scanning electron microscope (SEM). Surfaces were noted to exhibit 

typical features for each treatment such as compaction and/or smoothing of the original AM 

surface. Roughness measurements were collected by laser scanning confocal microscopy and 

indicated statistical significance between the “as-built control group” and other "treated groups” 

for Sa, Sz, and Sku values. Characterization of dimension and mass was performed and indicated 

approximately 7-34% difference in width, 1-13% difference in height, and 1-34% difference in 

mass between the Control and the various surface treated samples, thus providing evidence of 

change and difference between treatment groups. Effects of HIP treatment were studied through 
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imaging and transmission electron microscopy (TEM). TEM results indicated a thickened 

titanium-oxygen rich layer, roughly 50 nm thick and likely to be titanium-oxide, on samples after 

hot isostatic pressing (HIP) was performed. Further chemical composition outside the original 

scope of work was conducted using X-Ray Fluorescence Spectroscopy (XRF) and Leco 

elemental analyzer. An increase in oxygen and hydrogen was observed in the feedstock 

throughout the experiments. The transformation of feedstock into solid samples was noted to 

exhibit over a 13% loss of aluminum content, meaning the composition of solid samples was 

closer to Ti-5Al-4V than Ti-6Al-4V. Lack of statistical significance was found between surface 

treatments and the Control group for microhardness measurements characterized using Knoop 

microhardness tests. Density measurements collected by gas pycnometry revealed a general 

increase in sample density after HIP treatment was performed, however statistical significance 

was only found between the Control group and the HIP-RASP, HIP-Mach., and HIP-Control 

groups. In addition, the fatigue behavior was represented with S-N curves generated from four-

point experimental fatigue tests and indicated that surface treatments could improve fatigue 

performance. Lastly, the primary sites causing failure were determined through SEM imaging to 

be related to suface defects from either the AM fabrication process or subsequent surface 

treament. 

In CHAPTER 5, all tasks corresponding to developing an understanding the effect of 

build direction on four-point fatigue performance defined in Section 3.2 were completed. 

Average values for mass and fatigue critical dimensions, including width and height, were 

characterized. The difference in width was found to vary between 0.18% and 3.36%, while the 

difference for thickness ranged from 0.46% to 3.33%. Dimensionally AH and V samples were 

the most similar with T samples exhibiting a larger difference in value to the other samples. 
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Analysis of mass revealed a 0.86%-5.21% difference between samples, with the highest values 

corresponding to the difference between V and T samples. Assessment of surface variation was 

completed using SEM and observation of visible layering effect from fabrication was reported. 

Characterization of fatigue performance was performed using four-point flexure fatigue tests. 

Results indicated that layering and defect orientation likely contributed to failure at a lower 

number of cycles for V samples. Claims regarding statistical significance could not be made 

however for the effect of orientation on fatigue performance because of the small number of 

samples tested in this study. Additionally, effects of small sample sizes likely explained the 

differences between AH samples and HIP-Control samples from CHAPTER 4, which had 

similar orientation and post-processing as results were within standard deviations for the data. 

Fracture surfaces were assessed using SEM and failure sites were found to generally occur at 

imperfections on the sample surface, related to the inherent AM process layering. 

In CHAPTER 6, recommendations for production of functional Ti-6Al-4V EBM 

components were developed and demonstrated to complete tasks outlined in Section 3.3 . 

Surface related factors were considered for their impact on fatigue behavior. Specific attention 

was given to the produced form and surface finish resulting from surface treatments utilized in 

previous chapters. A case study part was used was used to show the steps of the surface 

treatment selection process and highlight reasoning that was used in the process. 

7.1 Primary Research Contributions 

This dissertation provides a quantitative characterization of the fatigue performance of 

EBM Ti-6Al-4V in an effort to better understand the effects of surface modification and build 

orientation on fatigue life. This work also offers valuable knowledge creating a foundation for 
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the development of recommendations for future product design efforts. The main contributions 

of these efforts are summarized as follows: 

• The validation of developed characterization protocols, techniques, and experimental 

approach gives a framework for additional testing. The extension of the established 

methodologies could include investigation of other materials, surface treatments, and 

testing schemas. 

• The characterization of material properties for EBM Ti-6Al-4V in the four-point flexure 

regime adds to the current understanding of the material. This information can contribute 

to improving current and future modeling efforts as well as the advancement of other 

engineering tools utilizing mechanical performance properties. It also lays the 

groundwork for future experimentation into the combinatory effects of sequential 

treatments on fatigue performance. 

• The analysis of failure initiation within fatigue samples provides fundamental knowledge 

on the impacts of surface treatments and build orientation. This understanding can lead to 

further optimization of surface modification treatments specifically for AM components 

and justification for orientation selection. 

• The development of design and process recommendations contribute to the current 

literature on Design for Manufacturing and Assembly (DFMA) and Design for Additive 

Manufacturing (DFAM) guidelines by providing quantified data for surface treatments. 

This work is critical to efficient process selection and application of surface treatments 

with the aim of producing more functional AM components.  
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7.2 Future Work 

The utilization of reduced sample sizes in the orientation effect study in CHAPTER 5 

limited the ability to test more than two stressing levels. An increased sample size would be 

useful to develop more detailed representation of trends in fatigue behavior for each orientation. 

Larger sample size would also allow for higher levels of statistical confidence as the deviation 

between results would be divided by a larger square root of n value (where n would be the 

sample size tested). Additionally, in this work a small number of post-build surface modification 

methods were investigated in CHAPTER 4 due to a limited number of samples and available 

testing time. Future experimentation should be expanded to include other surface treatments, 

such as deposition and non-line of sight material removal methods, which were not considered in 

the final experiments. Characterization of other property enhancing operations, beyond the HIP 

treatment considered in this work, would also be valuable to expand the body of knowledge. 

With examination of additional post-build treatments, assessment of residual stresses should also 

be considered so as to better understand the detrimental or beneficial nature of the treatment on 

fatigue behavior. 

In industry, it is common for an individual component to experience multiple processing 

stages before achieving final specifications. This dissertation work however has only focused on 

single treatment processing. In the future, it would be vital to look at the combinational effects of 

applying various treatments sequentially. Additionally, in practice features are often times 

selectively finished, meaning only some aspects of the component (a.k.a. features) are exposed to 

treatment while the remaining portion is not. Understanding the impact of this interface between 

two differently treated regions (e.g. treated/untreated surfaces, surface with treatment 1/surface 
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with treatment 2) on the fatigue life would be necessary for effective process selection in order to 

achieve desired performance requirements.  
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Appendix A 

A1 - Surface Treatment Study Normality Test Results: Surface Roughness 

A1.1 - Control Treatment 
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A1.2 - HIP-Control Treatment 
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A1.3 - HIP-Electro Treatment 
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A1.4 - HIP-ISF Treatment 
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A1.5 - HIP-Mach Treatment 
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A1.6 - HIP-RASP Treatment 
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A2 - Surface Treatment Study Homogeneity of Variance Test Results: Surface Roughness 
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A3 - Surface Treatment Study Normality Test Results: Microhardness

A3.1 - Control Treatment 

 

 

A3.3 - HIP-Electro Treatment 

 

A3.2 - HIP-Control Treatment 

 

 

A3.4 - HIP-ISF Treatment 
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A3.5 - HIP-Mach Treatment 

 

A3.6 - HIP-RASP Treatment 
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A4 - Surface Treatment Study Homogeneity of Variance Test Results: Microhardness 
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A5 - Surface Treatment Study Normality Test Results: Density

A5.1 - Control Treatment 

 

 

A5.3 - HIP-Electro Treatment 

 

A5.2 - HIP-Control Treatment 

 

 

A5.4 - HIP-ISF Treatment 
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A5.5 - HIP-Mach Treatment 

 

A5.6 - HIP-RASP Treatment 
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A6 - Surface Treatment Study Homogeneity of Variance Test Results: Density 
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A7 - Surface Treatment Study Normality Test Results: Fatigue 

*Indicates insufficient number of points to conduct test 

- Indicates no data collected 

 

Stress 

(MPa) 

Treatment N Shapiro-Wilk W 

Test (Prob<W) 

Normal? 

490 Control 6 0.3326 Yes 

HIP-Control 6 0.7063 Yes 

HIP-Electro 6 0.7837 Yes 

HIP-ISF 1 * * 

HIP-Mach. 1 * * 

HIP-RASP 6 0.5768 Yes 

593 Control 6 0.4836 Yes 

HIP-Control 6 0.9441 Yes 

HIP-Electro 6 0.2547 Yes 

HIP-ISF 0 - - 

HIP-Mach. 1 * * 

HIP-RASP 6 0.5971 Yes 

703 Control 6 0.8821 Yes 

HIP-Control 6 0.8831 Yes 

HIP-Electro 6 0.2158 Yes 

HIP-ISF 8 0.0010 No 

HIP-Mach. 6 0.0016 No 

HIP-RASP 6 0.2332 Yes 

814 Control 0 - - 

HIP-Control 0 - - 

HIP-Electro 0 - - 

HIP-ISF 6 0.7952 Yes 

HIP-Mach. 7 0.0895 Yes 

HIP-RASP 3 0.7598 Yes 

917 Control 0 - - 

HIP-Control 0 - - 

HIP-Electro 0 - - 

HIP-ISF 6 0.9488 Yes 

HIP-Mach. 6 0.0288 No 

HIP-RASP 3 0.8045 Yes 
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A8 - Surface Treatment Study Homogeneity of Variance Test Results: Fatigue 
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A8 (cont.) - Surface Treatment Study Homogeneity of Variance Test Results: Fatigue 
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A8 (cont.) - Surface Treatment Study Homogeneity of Variance Test Results: Fatigue 
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A9 - Surface Treatment Study Nonparametric and Post-hoc Test Results: Fatigue 
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A9 (cont.) - Surface Treatment Study Nonparametric and Post-hoc Test Results: Fatigue 
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A9 (cont.) - Surface Treatment Study Nonparametric and Post-hoc Test Results: Fatigue 
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Appendix B 

B1 - Orientation Study Normality Test Results: Surface Roughness 

B1.1 - AH Build Orientation 
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B1.2 - T Build Orientation 
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B1.3 - V Build Orientation 
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B2 - Orientation Study Homogeneity of Variance Test Results: Surface Roughness 
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B2 (cont.) - Orientation Study Homogeneity of Variance Test Results: Surface Roughness 
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B3 - Orientation Study Normality Test Results: Fatigue 

*Indicates insufficient number of points to conduct test 

- Indicates no data collected 

Stress 

(MPa) 

Treatment N Shapiro-Wilk W 

Test (Prob<W) 

Normal? 

593 AH-HIP 3 0.5861 Yes 

T-HIP 8 0.8618 Yes 

V-HIP 8 0.0317 No 

703 AH-HIP 3 0.8181 Yes 

T-HIP 8 0.9235 Yes 

V-HIP 8 0.4279 Yes 
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B4 - Orientation Study Homogeneity of Variance Test Results: Fatigue  

 


	ABSTRACT
	DEDICATION
	BIOGRAPHY
	ACKNOWLEDGMENTS
	LIST OF TABLES
	LIST OF FIGURES
	CHAPTER 1 - Introduction
	1.1  Background
	1.1.1  Additive Manufacturing
	1.1.1.1  Electron Beam Melting

	1.1.2  Post-build Treatments
	1.1.3  Mechanical Properties of Ti-6Al-4V AM Components
	1.1.4  Process Planning

	1.2  Terminology
	1.2.1  Features

	1.3  Motivation
	1.3.1  Characterization of Post-build Modifications
	1.3.2  Relationship between Post-build Modifications and Fatigue Performance
	1.3.3  Relationship between Build Orientation and Fatigue Performance


	CHAPTER 2 - Literature Review
	2.1  Design Guidelines in Additive Manufacturing
	2.2  Mechanical Testing of Additively Manufactured Components
	2.2.1  Build Parameters
	2.2.2  Microstructure
	2.2.3  Defects
	2.2.4  Post-build Treatments
	2.2.4.1  Heat Treatment and Hot Isostatic Pressing (HIP)
	2.2.4.2  Surface Treatments

	2.2.5  Density and Hardness
	2.2.6  Types of Mechanical Testing
	2.2.7  Fatigue Behavior
	2.2.7.1  Specimens Tested at R > 0
	2.2.7.2  Specimens Tested at R = 0
	2.2.7.3  Specimens Tested at R < 0


	2.3   Discussion and Summary of Literature

	CHAPTER 3
	CHAPTER 3 – Research Objectives
	1
	3.1  Objective #1 – Effect of Surface Treatment on Fatigue
	3.2  Objective #2 - Effect of Build Orientation on Fatigue Performance
	3.3  Objective #3 - Development of Process and Design Recommendations
	3.4  Summary

	CHAPTER 4 – Effect of Surface Treatment on Four-Point Flexure Fatigue
	4.1  Introduction
	4.2  Pilot Experiment for Analysis of Impact of Surface Treatment on Fatigue Performance
	4.2.1  Materials and Methods
	4.2.1.1  Sample Fabrication
	4.2.1.2  Post-Build Sample Treatments
	4.2.1.3  Characterization
	4.2.1.4  Mechanical Testing

	4.2.2  Results
	4.2.2.1  Powder Feedstock
	4.2.2.2  Sample Microstructure
	4.2.2.3  Post-Build Sample Treatments
	4.2.2.4  Fatigue Behavior

	4.2.3  Discussion and Conclusions

	4.3  Modeling the Effects of Surface Treatment on Flexure Fatigue Performance
	4.3.1  Materials and Methods
	4.3.1.1  Mechanical Test Configuration
	4.3.1.2  Sample Fabrication
	4.3.1.3  Post-Build Sample Treatment
	4.3.1.4  Characterization

	4.3.2  Results
	4.3.2.1  Powder Feedstock
	4.3.2.2  Hot Isostatic Pressing
	4.3.2.3  Surface Roughness
	4.3.2.4  XRF and Leco
	4.3.2.5  Dimension and Mass
	4.3.2.6  Hardness and Density
	4.3.2.7  Fatigue Behavior

	4.3.3  Discussion and Conclusions


	CHAPTER 5 – Effect of Build Orientation on Four-Point Fatigue Performance
	5.1  Introduction
	5.2  Materials and Methods
	5.2.1  Sample Fabrication
	5.2.2  Mechanical Testing
	5.2.3  Characterization

	5.3  Results
	5.3.1  Sample Inspection
	5.3.2  Surface Roughness
	5.3.3  Fatigue Behavior

	5.4  Discussion and Conclusions

	CHAPTER 6 – Development of Process and Design Recommendations
	6.1  Introduction
	6.2  Considerations for Post-build Treatment Selection
	6.3  Surface Finish Recommendations
	6.4  Form Recommendations
	6.5  Discussion and Conclusions

	CHAPTER 7 – Research Summary
	7.1  Primary Research Contributions
	7.2  Future Work

	REFERENCES
	Appendix A
	A1 - Surface Treatment Study Normality Test Results: Surface Roughness
	A1.1 - Control Treatment
	A1.2 - HIP-Control Treatment
	A1.3 - HIP-Electro Treatment
	A1.4 - HIP-ISF Treatment
	A1.5 - HIP-Mach Treatment
	A1.6 - HIP-RASP Treatment

	A2 - Surface Treatment Study Homogeneity of Variance Test Results: Surface Roughness
	A3 - Surface Treatment Study Normality Test Results: Microhardness
	A4 - Surface Treatment Study Homogeneity of Variance Test Results: Microhardness
	A5 - Surface Treatment Study Normality Test Results: Density
	A6 - Surface Treatment Study Homogeneity of Variance Test Results: Density
	A7 - Surface Treatment Study Normality Test Results: Fatigue
	A8 - Surface Treatment Study Homogeneity of Variance Test Results: Fatigue
	A9 - Surface Treatment Study Nonparametric and Post-hoc Test Results: Fatigue

	Appendix B
	B1 - Orientation Study Normality Test Results: Surface Roughness
	B1.1 - AH Build Orientation
	B1.2 - T Build Orientation
	B1.3 - V Build Orientation

	B2 - Orientation Study Homogeneity of Variance Test Results: Surface Roughness
	B3 - Orientation Study Normality Test Results: Fatigue
	B4 - Orientation Study Homogeneity of Variance Test Results: Fatigue


