ABSTRACT

KEOUGH, CARTER BROOKSFatigue Performance of Additively Manufactured6hl-4V:
Influenceof Build Orientation and Secondary Processiftunder the directioof Dr. Ola L.A.
Harrysson and Dr. Richard A. Wysk

In order formetal additive manufacturing (AM) to become more widely used the
predictability and improvement of their mechanical propertiast be better understacthe
unique, rough surfaces efectron beam meltindeBM) parts can negatively affect the fatigue
performance of functional components sometimes making these parts unusable without
additional post processir{ghachining, heat treating, etcurface finishing operations can
enhance the fatigue performanbat sometimes at the expense of achieving spatiiics for
desired tolerances, production costs, and/or processing times. Understanding the relationships
between thessometimesconflicting variables is vital to the selection and sequencing of
manufacturing and finishing operatioinsorder to achievefficient and effective production of
functional component§ hisresearch aims to develaguantitative insight into the effects of
surface modifications oone of these mechanical propertithg fatigue behavior of AM TbAl-
4V made using EBM so as tevklop desigmecommendationt help facilitate future product
designsThis research examines the fatigue propertie$)&BM Ti-6Al-4V in asprinted, hot
isostatic pressing (HIP) gwinted, and surface treated conditions, as well as 2) EB6ATF4V

that was fabricated in three various build directions.

In this researcha carefully designed experimental model was developed in order to
understand these conditiofi®sting usedwo series of foupoint flexure studies with Ralue
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 nechanical and chemical surface treatments. Characterization of samples within
these studies used optical microscopy, enéiggersive Xray spectroscopy (EDS), scanning
electron microscopy (SEM), laser scanning confocal microscopy, gas pycnometry,
microhadness, dimensional and mass inspection, and flexural fatigue tdstiagvork found

that each of the pos$iuild surface treatments investigated produce unique surfaces which could
significantly improve the fatigue behavior of the samples due to thetredin surface
roughnessAnalysis of fracture surfacesvealed that failure was related to surface imperfections
and defectsrom this information, guidelineseredeveloped to better represéntoptimized
amounts for finishing allowances on critiéehtures an@) 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 processeslit outline the
need for postnanufacturing finishing processes anigh-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 planrasg 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 ggrtives 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 patrts, is described. Finally, thisluadi

research areameoutlined.

1.1Background

1.1.1Additive Manufacturing

Additive Manufacturing (AM) has been defined as the process of joining materials,
generally in a layewise manner, to make an object from 3D model figtaProduction of parts
using any AM technology involves a series of several general steps. The 3D model is first sliced
into layers, typically along the-Zxis, such that eachylar represents a crasection 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 eneng 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
frequenty to produce neshape or neamet shape parts that meet a functional H2gd5] This
shift has been widely seen in the aerospace, automotive, and medical infRisti3&s[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 mel&hd/)) 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 hsown unique capabilities, there are several
general advantages of AM. One of the mostWketbwn advantages of AM is that it can produce
complex geometries that might not otherwise be produced, which can include elaborate internal
channels and pockets aell as intricate mesh2]i [4], [7]. AM also allovs parts to be more
easily made from otherwise difficult to process materials, such as titanium alloys, biomaterials,
and amorphous metd2], [3],[8],[9]. The |-oivéy 6O06bayi o, elaver ch r ef e
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 toolind4], [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 finigR], [3], [5], [7], and geometric inaccura¢4], [5].

The inherent staistepping in layer based technologies is one of the primary reasons for low
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surface quality; however, witness maft@m the removal of support structures is also a critical
factor to consider, particularly in metal AM], [6]. The geometric accuracy of the produced part
is also affected by the distortion due to internal and residual stresses incurred during the AM
procesd4], [13]. Because of this pogirocessig or posffinishing 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 handthg practices, particularly true for fine metal powder based processes,
and expense associated with the material i[2gl{6], [14]. Additionally, in comparison to
traditional manufacturing methods the relatively lengthy processing time required to produce a
single part is less than iddal, [6]. For this reason, unless there is other factors involved, AM is

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

1.1.1.1Electron Beam Melting

Electron beam melting is one of the most popular metal potved fusion (PBF) AM
techniqueg6]. Similar tothe general AM process described previously, powder bed fusion
technologies operate by selectively melting layers of metal powder on the build pl@&form
[10]. Scanning of each subsequently spread powder layer, with a heat source, is done to preheat
the metal powddayer before the next cross section of the part is forfi@ldiL0]. In the case of
EBM, the heat source is a focused beam of electrons which transfer kinetic energy to heat the
metal powder particlg®], [3], [6], [10], [11], [15]. Additionally the EBM process is
characterized by the vacuum atmosphibket it is performed under, the elevated powder bed
temperatures, and ability to move the electron beam almost ind&n{li0], [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 relipgmagjans since
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there is lower residual internal stresf8s[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 prodedsja§]. The

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

support structures is not necessary tibdoparts as compared to laser based procg¢8k€Ehe

useof defl ection coils to focus the elbeatmmbéon be
approach, of instantaneously jumping between multiple locations on the parts contour, to develop
multiple melt pools for a more uniform temperature throughtmeibuild[2], [15]. It is also

noted that EBM parts are characterized by their surface roughness and minimuensieatuks

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

larger minimum feature siz¢2].

1.1.2Postbuild 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 efthe materigll6]. One
can further define processing operations as either basic processes or secondary processes.
Processes such as casting or rolling are used to establish the initiaéte@pe part geometry
and they are called basic proceqdd€3, and AM processes can also be considered basic
processes. Due to inherent process capabilities, some components|uigyaeditional
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, geoymatiphysical propertie|d 6]. Examples of
these secondary processes can include machining, rolling, bending, etc. If AM is considered to

be the basic process, then any process Hfe 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 wil l-bbiel ¢l tarssatifmendt a6 apotshhey ar e

are perforned post AMbuilding.

Postbuild 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 modifyitgyshape. An example of this type of
operation most commonly referenced is heat treating. Heat treatment describes techniques such
as annealing, normalizing, tempering, ¢i&]i [18]. The purpose dathese 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 perforfd@hdd 7].

Additionally, the second category of pdmtild treatments are surface finishing operatiohgtv
aim to alter the surface of the product to improve the shape, tolerance, appearafid, etc.
Such processes can include operations that remove material from the wotikpietachining,
shot peening, and etching. Others can include those that add to the surface such as painting,

plating, and anodizing.

Due to the variety of pogiuild treatments and inherent process capabilities, each
treatment would naturally influenceetfiinal 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
Sectionl.1.4. The job for manufacturing engineers is further complicated when multiple post
build treatments are applied sequentially. Combining multiple treatments in this d@ane 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 stresrhedecisionmakingprocess 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 podiuild treatments. With this knowledge, engineers and designers can better

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

1.1.3Mechanical Properties of Ti6Al-4V AM Components

The mechanical properties of a metal, such as hardthestdity, 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 pgdt9]. The manufacturing process used to form the-neashape
geometry of the final product can affect these priips 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 pressing 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 Sectioh.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 mater i al &Gempressienltedtingatodetermieerthei | e st

mat erial s compressive yield and compressive
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material 6s ability to resist cracking and all
testing to determinethemateri 6 s abi |l ity to resist plastic de

indentation, and (e) fracture testing to determine the residual strength of a sgaémgo].

In an effort to understand how AM processes affect a materials properties, many alloys
have been represented, such as IaLoFi-6Al-4V, and austenitic and martensitic stainless
steels. However, the focus of this work is limited te6Ai-4V because of the interest of this
material to both the acadenji0], [21]i [24] and industrial communitid8], [4]. Titanium
alloys are generally known for their higtiffnessto-weight and strengtto-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. th@ATF4V has a
specific strength of 200 MPa/g/cm3, a density of 4.43 g/cm3, and a melting point of
appr oxi ma t[25]. WhileknGrbefous scholars have oged results from tensile testing
of AM Ti-6Al-4V [23], [24], [26], [27]and some have reported on the fatigue propdaiis
[29], the research focusing on the results frepoiht flexure tests is somewhat limited. An
objective catalog and summary of the published literature in this area is preseDitbdRMTER

2.

1.1.4Process Planning

Process plans are critical to the manufacturing process as they link the design and the
production of a paft30]i [32]. More specifically, process plans are the outline of selected
operations, tools, and machining conditions and their sequence to fabricatE88]pf34].

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

generation of the process plans, this development is called coraplgdrprocess 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 isqedB5].

In literature, CAPP systems fall into one of two categories, variant and generative.
Scholars have identified that the variant approach uses existing process plamsdte gew
process plans for similar paf®0]i [32], [34]. Thisapproach 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
processeslhe 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 geometriB0]i [32], [34]. Within the two categories of CAPP systems there are
multiple subtypes that describe the various teldgies used and developed. These
subcategories include feattbased technologies, knowledbased systems, Petri nets (PN),
agentbased technologies, interAmsed technologies, neural networks, genetic algorithms (GA),

and fuzzy set theory/logi{80].

Featurebased approaches are favored in many instances because large varieties of parts
can be represented by individual features. Uteatare either specified manually or are
recognized automatically using a series of rules, topology maps, or the decomposition of
volumes within the pafB0], [34] and are then used for plan generation. Knowlduhged
systems, as the name suggests, utilize an extensive knowledge base which is structured as a
series of rules to manipulate miodify a progranj30]. The base of information can be fixed
with input solely from an expert or dynamic such that knowledge candsel @& more planning
is performed. PN are used to represent dynamic process planning logic in a visual and

mathematical wayB30], [36], [37] often by combining other technologig2]. Here



manufacturing systems thate characterized by their concurrency, synchronization, and
resource sharing phenomeri@0], [36] are modeled with a static net structure in which
assignment of tokens is used to model the dynamic flow of information and/or re48uices
Agentbased technologies differ from those pregigunentioned because multiple cooperative
intelligent agents are used to develop process plans as opposed to a single large expert system
approact{38]. The coordination and negotiation between the various agents is what is used to
address the nesequential, dynamic requirements of most process planning systems. The
utilization of the interat for information distribution, process integration, and tool and machine
selection is what defines interAgdsed technologid82], [39]. Neural network process planning
system do not use a rdt@sed approach to parse informafid@]. Instead they have an adaptive
learning capability that is meant to model human neuron functioning with the ability to derive
knowledge and fes with examples and trainifg0], [32]. Unlike many of the other techniques

or subclasses these types of systems can tolerate slight input errors and allow
exceptions/irregularities in the knowled@®], [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 fittesf30], [40]. The GA approach requires careful structuring and coding, but
can consider factors ihe entire solution space concurrently from operation sequence to tool
access directio[80], [32]. Finally, the fuzzy set theory/logic approach for process planning
defines relationships between system inputsaarduts fom imprecisely knowni.g. fuzzy)

goals and constrainf80], [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 interesttditi s wor k ibyf ¢ hteume @ sa gpoasedh c h of

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 partgnto 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 techniqdes.

1.2 Terminology

To aid in futher discussions in the remaina¢éithis document, this section is used to
identify fundamental terminology within this workablel.1 is used to define common
acronyms used, while more complex definitions requiring more explanation are listed in
subsequent sugections.

Tablel.1: Abbreviations and associated explanations listed in alphabetoed

Abbreviation Explanation
AM Additive Manufacturing

CAD = ComputerAided Design

CAPP = ComputerAided Process Planning

CNC = ComputeMNumeric 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 = Energydispersive Xray Spectroscopy
FIB = Focused lon 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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Tablel.1 (coninued.
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 Universi
NCSU = North Carolina State University
OM = Optical Microscopy
PBF = Powder Bedrusion
PSD = Particle Size Distribution
PN = Petri Nets
R = Stress Ratio
R? = Coefficients of Determination
RASP = Rotationally Accelerated Shot Peening
ROI = UNC Research Opportunities Initiative
Sa = Arithmetical Mean Height (for surfaceughness)
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

1.2.1Features

Many definitions have been used43ii@A7].l i terat
Scholars have specified that features can range from low to high level geometric elements such
as edges and faces to pockets and b¢48§445]. Other scholars have stated that features are
user déned abstractions that can take on simple or complex [é6} [47]. Features also have
been identified using various manual and automated mefé[$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 tessellatedmputeraided design@QAD) 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. Fea#itispostbuild
treatments are then often necessary to bring these parts to specification. The effect of these post
build treatments can impact the effectiveness of subsequertyitustreatments and the overall
functionality of the part. The develont 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 generguidelines, more than are even practical to address in a single dissertation.
Thereforethe scope of this work is focused on the limitations associated with understanding
how certain posbuild treatments affect the fatigue behavior of metal parts pesbwith AM.

Further discussion of this selection of focus is described la@HAPTER 2 This dissertation

is motivated by the need to address the following areas.

1.3.1Characterization of Postbuild Modifications

As described in Sectioh 1.2, postbuild treatments can take a variety of different forms
and can uniquely affect the rétsng 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

streses. 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 charactgribm effects of pogtuild

treatments.

1.3.2Relationship betweenPostbuild 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 npeeted 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, terfedmplicate the relationship.
When postbuild treatments are ppied 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.

1.3.3Relationship betweerBuild Orientation and Fatigue Performance

For metal cormponents, 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 coolagydating
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 solidificatiof21], [22]. The effect of build orientation on mechanical properties
has been of interest to many scholg$], [23], [24], however there is no conclusive results for

the relationship between build orientation and fpaint flexure fatigue behavior.



14
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. Secfidhbegins with a brief summary of common design
guidelines for AM. SectioR.2 contains a review of general niamical 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, Sectior2.3 provides a discussion and a summary of the information presented in this

chapter.

2.1Design Guidelines in Additive Manufacturing

The practice of designing and systematically optimiziagnponents 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 un@deiding the relationship between the manufacturing and
design processg$6], [49]. DFMA provides general principles and guidelines which act as tools
for designers/engineers to use in product design. These guidelines are ofteruhmssne
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 thesgeinés of lists and
methodologies so that such principles can be practically implemented. Numerous scholars have
attempted to do thid 6], [49]i [56]. Some scholars have given desaoiptof highlevel topics or

procedural methodologig¢49]i [51] while others have chosen to more simply list universal
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guidelineq16], [52]i [56]. A collection of some of these guidelinzn be found below imable

2.1

Table2.1: Compiled list ofDFMA principles and guidelines

Principles and Guidelines

A-—Aa-_a-_a_a_9_9_95_°a_-2_-2

Maximize use of commercially available componefgs2), [54]

Use standard parts across product ljng$s2]i [54]

Design for ease of part fabricatigs, 52], (547 [56]

Design parts with tolerances that are mindful of process capatailitsii[s6]
Design the product and assembly to be foolprepfs2]i[54], [56]
Minimize use of flexible components, [54]

Design for ease of assembly using simple movement patterpsii[54]
Design for efficient fastening and joiniimg;i [54], [56]

Use modular desigme], [52], [54]

Shape products and parts for ease of packaging

Reduce or eliminatadjustment requiregs;, [54]

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

process, the unique layeise manner of AM imposes a different series of constraints and

therefore requires a set of distinct guidelines for AM specifi¢dBy, [57]i [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 addiive manufacturing (DFAM)49], [57]i [68]. Like DFMA, the DFAM principles and

guidelines must incorporate many, sometimes competing or conflicting, factors shtabien

2.2.
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Table2.2: Compiled list of factors to consider in DFAM

Factors
1 Selection of build orientation
1 Manufacturability of features (shagprners, overhangs, internal channels, e
1 Reduction of part count
9 Distance from build platform and other parts in build envelope
9 Design of support structures
1 Removal of support structures
i Density of parts
i Pattern of material deposition/consolidation
1 Thermal expansion/shrinkage of parts during and after build
i Stresses incurred during material solidification

To address thesadtors scholars have focusedAM research efforts in three different
categorie$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 methotisincorporate 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 reportedTiable2.3.
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Table2.3: Compiledlist of DFAM principles and guidelines

Principles or Guidelines

Select part orientation for improving surface finis (60, [65], [67], [69] [71]
Selection of build orientation for mechanical strengpisol, [67], [69], [72], [73]

Choosing processing parameters to obtain desired infill/lhatch/density in pi
[58], [64], [71]

Minimization of material usages), [64], [71]
Redu@ number of parts for assembly purpasssi), [64], [67], [71], [72]
Design interlocking features with tolerances suitable idr #8), [64], [67], [71]

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

Eliminate sharp edgess, [67], [74]

Minimize length of overhangss], (67, [70], [74]

Minimize build heightss], [67], [74]

Incorporate identification marks for quality contpsl, [71]
Utilize material compositions and muitiaterial designgij, [64]

Aa—Aa-_a-—Aa_—49 -_Aa-_a_Aa_a _a_°2_-2

Within the literature reported here the overarching objective is to provide designers and
operators a consistent approach to applying expert knowledge when deyelogi
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 th@fotaicts. 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 {58Jike
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 thésdittle mention of the impact pesuild treatments
have on parts made with AM. While there have been significant efforts to develop methods for
improving AM parts after they have been manufact(irédi [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 addties gap. Further details about the

proposed approach to achieve this is given in later sections.

2.2Mechanical Testing of Additively Manufactured Components

In this section, articles pertaining to assessment of the performance of additively
produced TH6AI-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 proceduess desieribed
along with the effects of these processes on the AM material. Finally, the published fatigue data

will be introduced and analyzed.

2.2.1Build Parameters

The fatigue behavior of AM T6AI-4V has been reported for several AM proce$28k
[29], [54], [83]i[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
procesg54], [85], [87], [89], [90], [93], [97], [98], [100], [102], [L11MWithin SLM, a laser is
used to selectively melt a layer of powder over the esestional area in the layer being
constructed54], [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 ng&7laye?].
In SLM it is typical that the build chamber, where manufacturing occurs, is filled with inert gas
[54], [93]. Table2.4 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

essentily 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 DNB4, [91], [92], [99) [101], [103], [107], [108],

[110], [112]and the reprted process parameters from these studies can be SesdriaR.4.

Several of the fatigue studies as part of this review have investigated the use of the EBM
procesd28], [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 electins is implemented. Additionally, during manufacturing the build chamber is held
at highly elevated temperatures under high vac[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 processef9]. Because thicker layers can also be applied,alsio means that larger
powder particle sizes can be used and that there is lower probability of surface impurities from
oxidation impacting the final compond@8]. The elevated temperatures in EBl\R also been
noted to help relieve residual stresg&d, [93], [95], [99], [113] The parameters that were

repated in the presented studies can be sedialie?2.5.
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Table2.4: SLM and DMLS process parameters for fatigue specimens

MTT 250
ProX 300

SLM
250HL
ProX
DMP 200
SLM
250HL
Concept
Laser M2
SLM
250HL
SLM
250HL
N
EOS
M270
EOS
M280
EOS
M280
EOS
M280
N
EOS
M290
N
N
EOS
M290

Ti-6Al-4V
Ti-6Al-4V
ELI

Ti-6Al-4V
Ti-6Al-4V
Ti-6Al-4V
Ti-6Al-4V
Ti-6Al-4V
Ti-6Al-4V
Ti-6Al-4V
Ti-6Al-4V
Ti-6Al-4V
Ti-6Al-4V
Ti-6Al-4V
Ti-6Al-4V
Ti-6Al-4V
Ti-6Al-4V
Ti-6Al-4V

Ti-6Al-4V
ELI

200
500

300

175

110,
200

400

400

370

370

30*
9*

28.6*

20-63

22-46

40*

40*

44*

N

N

1545
40
N

40*
40*

2545

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

N
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N

N
N
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N
N
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N

N
N
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N
N
N
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N
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54.3
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Table2.5: EBM process parameters for fatigue specimens

Arcam Ti-6Al-4V

[23] ny Ll 3.2 N N 45150 N N 50 N N N N N
o] ATA Tisalav 3'§§3}:'1 N N 70* N N 70 N 60 N 35 N
[88] AA';‘;‘(”‘ Ti-6Al-4V 32132 32121 N 59-60* N N 50 N N N N N
Arcam ; 50- 08 » 0,90
[91] A2 Ti-6Al-4V N N 3500 N 106 shellcore 50 N N N N (alternating)
Arcam A 0, 90
[92] A2 Ti-6Al-4V N N N N N shellcore N N N N N (alternating)
Arcam .
[93] ok Ti-6AI-aV N N N 45100 4530 N 50 100 60 21 N N
g AT gy LA N N 70* N N 70 N 60 N 35 N
s12 3836
[96] Afgm T"%AI:'I' Vv N N N N 400 N N 240 60 6 N N
EBM [102] AA’;";‘('“ Ti-6AI-4V N N 3000 N N N 50 N N N N N
[104] A;f;‘m TI-GIBEAI:II- v N N N 40105 N N N N N N N N
Arcam A 240 0, 90
[105] hox Ti-BAI-4V N N Tog0 45100 500 N N N N N N (alterating)
I_ -
[107] N Ti-6AI-4V N N N 80 N N N N N N N N
[110] N Ti-6AI-4V N N N 80* N N N N N N N N
[111] N Ti-6AI-4V N N N N N N N N N N N N
[112] N Ti-6AI-4V N N N 80* N N N N N N N N
113 ACAM  TigAl4v  5.0.104 N N 81.78* N mult 50 200 60 28 N N
Q10 spot
Arcam Ti-6Al-4V shelk 0, 90
(114] A2 ELI N N N 2 N core 2t N N N N (alternating)

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

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 stieggyndent upon the means it
is manufactured and peptocesseB7]. For these reasons specific attention was given in the
literature to the microstructure of AM -BiAI-4V. Regardless of the particular process the
products of the AM process are noted to exhibit anisotropic dlfig23], [26], [28], [54],
[83], [85]i [87], [99], [101], [103][106], [108], [111], [113][116]. This characteristic is due to
the directional nature of the AM layering processsTdirectionality is observed in that the prior
b grains are aligned with the build direction
perpendicular to the build direction nearer the parts exterior surface. Selection of build
parameters can inagt 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 liteture AMTi6AI-4 V i s al so expected tdtenhave a
or basketweave patterf23], [27]i [29], [83], [86]i [88], [95], [97], [104], [105], [113][118].
Some scholars also reported that the rapid cooling during layer formation in tipeo&ss can
produce fine martensite which can influence the fatigue pr¢22k$26], [85], [86], [90], [97],
[99], [103], [105], [116], [119] Additionally, when comparing the various AM technologies, the
literature reportsiat the SLM and DMLS processes have finer microstructures as opposed to
EBM processefb4], [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 andhase structures.
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2.2.3Defects

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 fished components. These defects include (1) porosities, (2)
|l ack of fusion (LoF), (3) surf aphaseddect@ldit s, ( 4
[23], [26], [29], [54], [83] [93], [95], [971[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 procg24]i [23], [29], [54], [83) [93], [95], [97]i [108], [113],
[114], [116], [118], [120] LoF defects a noted to occur because of disturbances or instabilities
during the AM proces1]i [23], [26], [54], [83], [85] [87], [90], [93], [95], [97], [98], [100]
[104], [106) [108], [113] [116]. This type of defect is related to-umelted regions of powder
that can be caused by improper build parameter seld2idii23], [26], [93], [95], [101], [115],
[116], process instabtly [23], [87], [95], [98] or powder particles that fall into the meltedsso
sectional area in the build layer. In addition, scholars have observed that surface defects are also
common in the AM proceg54], [87], [90], [93], [100], [108], [121][123]. While no names
were assoaited 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 contaminatibmlie part
fabrication also have been associated with the AM prd88$s[98], [107]. The final defect that
was found to be report epdhaisne loift erhaet ulr e~ ibs i ecfr
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 modificatio of build parameters and strategies may be able to reduce the occurrence

of the aforementioned defects, however additionalpeatments may be required as well.

2.2.4Postbuild Treatments

Components produced via AM processes often fail to meet applicataoifis
specifications for geometric dimensions and tolerances as they come directly from the machine.
For this reason, additional pgstocessing or postnishing treatments are often required to
bring the part into specification for final use. In therature thermal treatments and mechanical

and chemical surface treatments are commonly employed.

2.2.4.1Heat 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 tmperatures. 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 chemicalgsropéng
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 texgtnot only because it is common
practice in industry, but some do so because
AM procesg26], [29], [85], [87]i [93], [95], [97]i [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 consisisetlyacross 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 tg#rés during treatment this would be HIP
and if no pressure was applied it would be considered HT. Heat treatments were reported by
several authorf9], [84], [85], [87], [88], [92], [93], [95], [97], [98], [102], [103], [105], [107],
[108], [112], [119], [1241[126] and HIP treatments were used by several auf@8is[26],

[28], [29], [83], [85], [89] [93], [95], [97]i [99], [101]i [103], [105]i [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 seEahie2.6.

As a whole, no noticeable differences betweehwal, 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 thaanges to the microstructure was observed in
samples that underwent HT and HB8], [29], [85], [87] [92], [95], [97]i [99], [103], [105],

[107], [107], [108], [119], [124][127], but parameters could be selected such that significant
changes could be avoid§b], [93], [102] This coarsening was noted by a thickening of the

| a me H laa rh splatelets, in the tight Widmanstétten text[26], [87], [88], [93], [95],

[97], [98], [103], [119], [124][127]. Additionally, HIP pr@esses were also reported to cause a
reduction in the tensile and yield strength of thé&Ai-4V [26], [95], [97], [98], [103], [119],

[124]i [127] which relates to the ductility improvements that weoed[26], [87], [98], [103],

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

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

[125], [127}

Citation
#
[28]

[29]
[83]

(84]

[89]

[87]

(89]
[90]
[91]

[92]
[93]

[95]

[97]

[98]

[102]

[105]

[106]
[107]

[108]

[110]
[111]

[112]

Table2.6: Heattreatmeniparameters for fatigue specimens

Treatment

Type
HT
HT
HIP
HT

HT + HIP

HT
HT + HIP
HT

HT + HIP

HT
HT

HT

HT

HIP

HT
HT + HIP
HT

HIP

HT
HT-A +
HT-B

HIP + HT

HT
HT
HIP
HT
HT
HIP
HT
HIP
HT
HIP
HT
HIP
HIP
HIP
HT
HIP

Duration

(hr))
0

w

T
N

T
NS

T
NS

ol
o >
=N

NZNZORPNREPENNNZNNNN TT TTRPNAONMNMNNNNRRTITTITANTIO TT DN O
43
=

Temperature

(©)
1,100
650
900
704

HT: 540
HIP: 810

670

HT: 670
HIP: 920
650

HT: 670
HIP: 920
940

700

710

710

920

800

920

650

900

700
HT-A: 900
HT-B: 700

HIP: 900
HT: 700

800
1050
920
800
1050
920
920
920
704
920
700
920
N
920
N
920

Atmosphere

Argon

N

1000 bar + Argon
N

HT: Vacuum

HIP: 2000 bar +
Inert Gas

Argon

HT: Argon
HIP:1000 bar

N

HT: N

HIP: 1020 bar

N

Argon

Vacuum

Vacuum

1000 bar + Argon
Argon

1000 bar + Argon
Air

1000 bar + Argon
N

HT-A: N

HT-B: N

HIP: 1000 bar +
Argon

HT: N

Argon

Vacuum

1000 bar + Argon
N

N

1000 bar + Argon
No pressure
1000 bar + Argon
N

1000 bar

Argon

1000 bar

N

1200 bar

N

1000 bar

Cooling

Furnace cooled with rate of 0.06 C/s
Furnace cooling

12 C/min heating and cooling
Furnacecooled to below 538 C

HT: Argon cooling
HIP: N

N
N
N
N

Furnace cooling with argon anch2. at 650 C
Free convection aicooling roomtemp
Furnace cooling wit argon

Argon cooling

N

N

N

Furnace cooling

12 C/min heating and cooling
Cooling rate 10 K/min

HT-A: N/A

HT-B: Cooling rate 10 K/min

HIP: N/A
HT: Cooling rate 10 K/min

22zZ222222

Free convection aicooling roomtemp
Furnace cooled

Free convection aicooling roomtemp
N

N

N

DMLS parts only

Furnace cooled

(N = value was not reported, HT = heat treatment, and HIP = hot isostatic pressing)
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2.2.4.2Surface 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 polishin§22]i [24], [27], [28], [28], [54], [831[90], [93], [95]i [97], [99], [100],
[102], [103], [105] [108], [110} [113], [117], [121][123], [126], [128], [129], [131][133];
however, some studies employed chemical treatnj@h}s[85], [121]. It is important to note
that based on the definitions from Sectioh.2HT and HIP are not intended to alter the surface

and therefore they are not considesadace 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 dimen®f the fatigue specimeffia3], [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 relatghip of surface effects and fatigue lif@able2.7
summarizes the surface treatment parameter3 allé 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 cafitachgiers[54], [84],

[85], [89]i [91], [114], [123], [128] optical profilometer$100], [111], [112] or laser scanning
confocal microscopd23], [121]to analyze the surface roughness, however some scholars did

not report how their roughness values were obtdi®&fl [87], [88], [107], [108], [110], [129]
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Other scholars who performed surface tresaits 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 treatmerhowever, no comments were made on how such treatments affected the
microstructure.

Table2.7: Surface treatment parameters for test specimens

Citation

4 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 um or better
[83] Machining + Polishing To adiieve 0.2 um
As-built - None N
Machining DIN EN 6072
Aerospace Standard; Ceramic Shot() Dys¢ 0.5-1.0 mm & Shargedged; Angle of
Al,O; Blasting Impingement: 45 deg.; Distance to Sample: 50 mxtmosphere: 5 bar; Duration: 2 min
[84] per side (<5 min per sample)
. - Fluid/Abrasive Compound for Ti64 (Coarse and Fine Abrasives)
VSR (SR Duration: (Coarse media: 39 hr.; Fine media: 9 hr.)
Micro-machining L
(BestInClass) Duration: 50 hr.
As-built - None N
Tribofinishing Agueous Medium with Granulates and Surfacteditives
Tribofinishing + Shot Peening: Shot Comp. (67% Zr® 31% SiQ); Size (300 + 425); Shot Hardness (HV
[85] Peening 700); Almen Intensity: 6.4A; Angle of Impingement: 90 deg.; Coverage: 200%
Tribofinishing + Polishing: Ethyl AIcoIgI (700 mI/L) + Isopropy! AIc_ohoI (300 ml/L) + Aluminum
Electropolishing Chloride (60‘g/L) + Zinc Chloride (250 g/L) +‘PIat|num_Cath0de; 30°C;70V; 2.0
kA/m?, Rotation: 90 deg. every 10 min; Duration: 30 min
As-built - None N
[87] M_a_chl_nlng + Vibratory 1SO 1099
Finishing
[88] Machining N
As-built - None N
- . Turning: v = 150 m/min;f= 0.15 mm/min; d = 0.6 mm
Mgghlnlng (Tl & MiIIing:gv = 80 m/min; f = 0.1 mm/tooth; Tilt Angle = 45 deg.; d = 0.3 mm; Tool
[89] Milling) E _
ngagement = 0.3 mm
Machining (Turning) + Turning: v = 150 m/min;f= 0.15 mm/min; d = 0.6 mm
Polishing Polishing: Manually; 30, 9, 6, 3 um
[90] As-built - None N
Machining + Polishing ASTM E2207; Polishing: 30, 12, 3 um Lapping Paper
[91] EBM As-built - None N
DMLS As-built - None N
Machining (Turning) N
93] ’;’Ac?lfshrllinr:gg (Turning) + Polishing: 3 pm
[95] Machining ASTM E8/E8M and ASTM E466
[97] As-built - None N
Machining + Polishing N
[98] Machining N

(N = not reported)



Citation
#

[100]

[102]
[104]
[105]
[106]

[107]

[108]

[110]

[111]

[112]

[113]
[114]
[117]

[121]

[122]

[123]

[126]

[128]

Treatment Type

As-built - None
Machining + Polishing
Machining + Polishing
Machining + Polishing
Machining + Polishing
Machining + Polishing
EBM As-built - None
EBM Machining +
Polishing

DMLS As-built - None
DMLS Machining +
Polishing

As-built - None
Machining + Polishing
EBM As-built - None
EBM Machining +
Polishing

DMLS As-built - None
DMLS Machining +
Polishing

EBM As-built i None
EBM Machining

SLM As-built i None
SLM Machining

EBM As-built - None
EBM Machining +
Polishing

DMLS As-built - None
DMLS Machining +
Polishing

Machining + Polishing
EBM As-built - None
DMLS As-built - None
EDM Machining
Machining + Polishing

Etching (HCI)

Etching (HCI + NaOH)

EDM + Shot Peening
As-built - None
Shot Peening

Machining (Turning)

Globular: Machining + Shot

Peening

Duplex: Machining + Shot

Peening

Table2.7 (coninued)

Treatment Conditions

N

Polishing: With Emery Paper

N

Polishing: P280 SiC Paper 9, 3, 1 um Cloth Using MetaDi Supreme Diamond
Polishing: 3000 grit Emery Paper

ASTM E60692

N

Polishing: 600 grit Emery Paper

N

Polishing: 600 grit EmeriPaper

N
Polishing: Sandpaper
N

Polishing: 600 grit Emery Paper
N
Polishing: 600 grit Emery Paper

z2z2z2zzZ22

Polishing: 600 grit Emery Paper
N
Polishing: 600 grit Emery Paper

Polishing: SiC paper + 0.04 um Colloidal Silica Suspension

N

N

N

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

HCI Solution: pH < 2; 60 °C; Duration: 30 min

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

HCI Solution: pH < 2; 60 °C; Duration: 30 min

NaOH Solution (45 mL NaOH 10 mol*}): pH >13; 60 °C; Duration: 24 hr.

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

Peening: Stainless Steel Shot (3 mm diameter); Velott m/s; Room Temp;
Duration: 15 min, 30 min, 45 min, 60 min

N

SAE AMS2430S; S230 Steel Shot (0.6 mm diameter); Atmospher&.315ar; Angle
of Impingement: 90 deg.; Coverage: 100%; Duration: 60 s

v =50 m/min; f1g13= 0.08 mm/rev; £ = 0.12 mm/rev; Single Pass; Machine: Weiller
E35 (spindle max speed 3000 RPM, spindle power 11 kW)

Ceramic Shot (65% Zr)35% $0,): 850 um; Atmosphere: 3 bar; Distance to Samp
90 mm; Almen Intensity: 0.22 mAA; Coverage: 100%; Duration: 40 (no Units)
Ceramic Shot (65% Zr)35% SiQ): 450 um; Atmosphere: 5 bar; Distance to Samp
90 mm; Almen Intensity: 0.22 mAA; Coveradi0%; Duration 40 (no Units)
Ceramic Shot (65% ZrD35% SiQ): 125250 um; Atmosphere: 7.5 bar; Distance to
Sample: 90 mm; Almen Intensity: 0.22 mAA; Coverage: 100%; Duration: 45 (no U
Ceramic Shot (65% Zr)35% SiQ): 850 um; Atmosphere: 3 bar; Distance to Samp
90 mm; Almen Intensity: 0.22 mAA; Coverage: 100%; Duration: 40 (no Units)
Ceramic Shot (65% Zr)35% SiQ): 450 um; Atmosphere: 5 bar; Distance to Samp
90 mm; Almen Intensity: 0.22 mAACoverage: 100%; Duration 40 (no Units)
Ceramic Shot (65% Zr)35% SiQ): 125250 um; Atmosphere: 7.5 bar; Distance to
Sample: 90 mm; Almen Intensity: 0.22 mAA; Coverage: 100%; Duration: 45 (no U

(N = not reported)
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C'tﬁ'on Treatment Type
[129] Machining + Deep Rolling
Machining + Shot Peening
[131] Shot Peening
[132] EDM + Polishing + Shot
eening
Machining + Polishing +
IEE) Shot Peening
C"’ﬁlon Treatment Type
[23] Machining
54] As-built - None

[83]

[84]

[85]

[87]

[88]

[89]

[90]

[91]

[100]

Machining + Polishing
Machining + Polishing
As-built - None
Machining

Al 20 3 Blasting
Vibratory Grinding
Micro-machining
(BestInClass)

As-built - None
Tribofinishing
Tribofinishing + Shot
Peening
Tribofinishing +
Electropolishing
As-built - None
Machining +Vibratory
finishing

Machining

As-built - None
Machining (Turning &
Milling)

Machining (Turning) +
Polishing

As-built - None
Machining + Polishing
EBM As-built - None
DMLS As-built - None
As-built - None

Machining + Polishing

30
Table2.7 (coninued)

Treatment Conditions

Atmosphere: 150 bar; Rolling Element Diameter: 6.6 mm; f = 0.1125 mm/rev
Power Density: GW/cm”2; Coverage: 200%

Stainless Steel Shot (3 mm diameter); Velocity: 60'nR®om Temp; Duration: 30
min per side

Polishing: 320, 500 SiZEmery Paper

Peening: Hydroxyapatite Shot; Atmosphere: 6 bar; Distance to Sample 50 mm; D
Pressure Type; Room Temp; Duration: 1s, 10s, 20s, 30s

Peening: Ceramic Shot (&)s): 0.3 mm; Atmosphere: 5.5 bar; Distance to Sample:
mm; Almen Intensity: 0.2 mmA; Coverage: 100%; Nozzle Diameter: 15 mm; Dura
30s

(N = not reported)

Table2.8: Roughness for surface treatment

Surface Measurement
Technique
Olympus LEXT OLS4100 3D
Laser Scanning Confocal
Microscopy
MahrSurfXR20 Contact
Profilometer

Average Surface Roughness (um) / Roughness Standard

Sa (45.7); Sp (174); Sv (163)

X: Ra (32.0); Rq (39.5); Rz (162.6); Rt (198.1); Rmax (194..
Y: Ra (30.3); Rq (37.7); Rz (155.1); Rt (197.7); Rmax (187.%
Z: Ra (38.5); Rq (47.4); Rz (179.9); Rt (235.5); Rmax (220..  (probe stylus radius =2 mm,
Ra (0.89); Rqg (1.2); Rz (8.1); Rt (10.9); Rmax (10.5) cut-off length of 0.8mm)
Ra (Q2) N

Ra (17.9 + 2.0); Rz (121.9 + 12.6); Rt (141.7+ 11.7)
Ra (0.3+0.1); Rz (1.9+£0.8); Rt 2.9+ 1.5)

Ra (10.1 £0.2); Rz (73.4%7); Rt (90.5 + 6.2)

Ra (0.9 +0.7); Rz (8.1 + 5.4); Rt (17.4 + 10.5)

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

Ra (6.83); Rz (38.40); Rmax (43.85)
Ra (4.96); Rz (28.10); Rmd85.20)

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

Bruker Dektak XT
Profilometer

Contact Profilometer
(scan length = 4 mm
longitudinally with sample)

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

N
Ra (~0.2)
Ra (1.6)
TalySurf50 Contact Profiler

(scan length = 5.6 mm, cut off
length = 0.8mm)

Reported as 2D profiles

Ra (15.45)
Ra (0.12)
Ra (27.1 £ 0.9% Rt (214.0+ 9.6) / DIN EN ISO 4288:1998
Ra (13.0 £ 0.7); Rt (109.9 + 0.6) / DIN EN ISO 4288:1998
Sa (1113); Srms (13L6)
Mechanical Polishing: Sa (10); Srms (13)
Electropolishing: Sa (13); Srms (16)

(N = notreported)

Mahrsurf PS1

DektakXT Contact
Profilometer

Cybertechnologies GB00
Optical Profilometer



Citation
#

[107]

[108]

[110]

[111]

[112]

[114]

[121]

[123]

[128]

[129]

Treatment Type

EBM As-built - None
EBM Machining +
Polishing

DMLS As-built - None
DMLS Machining +
Polishing

As-built - None

Machining + Polishing

EBM As-built - None
EBM Machining +
Polishing

DMLS As-built - None
DMLS Machining +
Polishing

EBM As-builti None
SLM As-built i None

EBM As-built - None

EBM Machining +
Polishing

DMLS As-built - None
DMLS Machining +
Polishing

EBM As-built - None

DMLS As-built - None

Machining + Polishing
Etching (HCI)

Etching (HCI + NaOH)
As-built - None

Shot Peening

Globular: Machining +
Shot Peening

Duplex: Machining +
Shot Peening

Machining + Deep
Rolling

Machining + Shot
Peening
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Table2.8 (coninued)

Surface Measurement

Average Surface Roughness (um) / Roughness Standard Technique

Ra (3242); Rz (219290)
N

Ra (1613); Rz (7590)

N

Machine #1: R410.28); Rz (64.36); Rt (84.17)
Machine #2: Ra (11.91); Rz (68.62); Rt (86.42)
Machine #1: Ra (0.10); Rz (0.68); Rt (0.97)
Machine #2: Ra (0.12); Rz (0.76); Rt (1.08)
Ra (3242); Rz (219290)

N
Ra (1013); Rz (7590)
N

Ra (31.1) 3D Optical Microscope
Ra (13.7) Profilometer

Sa (32, max = 45); Sz (211, max = 320);

Rsm (696, max = 978)

N Keyence VR5000 Optical 3D
Sa(12, max = 20); Sz (88, max = 128); Profiler

Rsm (535, max = 907)

N

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

Type B: Ra (17.05 + 4.32); R29.83 + 23.86)

Type C: Ra (20.60 * 3.9); Rz (126.05 + 21.38) Mitutoyo SJ 210 Contact
Type A: Ra (3.3 £ 0); Rz (20.1 + 3.3) Profilometer

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

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

Ra (< 0.100); Rz (< 0.100) Olympus Lext OLS 4000
Ra (0.450 + 0.080); Rz (1.790 + 0.190) Confocal Laser Scanning
Ra (0.486 + 0.060); Rz (2.0400+200) Microscopy

Ra (0.016 + 0.002)

Peening 3.5 bar: R4.67 + 0.06)
Peening 4.5 bar: Ra (2.27 £ 0.12)
Rmax (3.34); Ra (0.46); Rz (2.25)
Rmax (5.80); Ra (0.78); Rz (4.69)
Rmax (5.24); R40.85); Rz (4.4)
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)

Rz (0.8)

Mitutoyo SJ 210 Contact
Profilometer

Perthen Mahr Profilometer

N

(N = not reported)

2.2.5Density and Hardness

material behaves in the final application. Density is determined by material dependent atomic

Density and hardness are important physical material properties that influence how a
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packing and is typically represented as a weight per unit valLéeWhile 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 materi8keveral scholars in the reported literature investigated the changes

in material densities over various conditi¢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 samgies and geomet[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/cmB8]. This is less than the reported theoretical density for bulk Ti

6Al-4V of 4.43 g/cm325].

A small number of scholars reported that they measured density using the Archimedes
method and/or the water intrusion methb@5s], [125] This method involves dividing the
sample mass by the specimenés volume which is
calculate the density. Shui et edported that there was no statistical significance between the
density measurements of the three conditions investigated but that the densityitif BBM
Ti-6Al- 4V was 99.3%, while EBM F6AI-4V that was heat treated achieved 99.4% density, and
thatEBM Ti-6Al-4V that underwent HIP was 99.8% defis@5]. Ackelid reported that insing
the Archimedes method the relative density febast EBM Ti-6Al-4V using a line offset of
0.40 mm was roughly 92.5%, for-bsilt EBM Ti-6Al-4V using a line offset of 0.36 mm was
96.5%, and abuilt EBM Ti-6Al-4V using a line offset of 0.20 mm waser 100%4125].

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
orgarnc 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%097]. Instead they choge use 2D image analysis programs in combination
with 3D computed tomography methods and reported that the porositpoilaSLM Ti-6Al-
4V was 0.501%, abuilt SLM Ti-6Al-4V using optimized parameters was 0.077%, and SLM Ti
6Al-4V that underwent HIP as 0.012%97]. Fatemi et al. also used 2D image analysis with
Matlab and found the defect density ranged from 0.1% and [@@P4d_euders usedornputed
tomography to calculate the relative density of HIP samples to be 100% and the relative density

of other samples to be[989. 7% using a 22 em re

Only one work in this review utilized a gas pgeneter to collect density measurements
[125]. Thi s met hod accurately measures density b
between volume and pressure, and a gas displacement procedure. Ackelid used helium
pycnometry to detenine the relative density of dmiilt EBM Ti-6Al-4V using a line offset of
0.40 mm to be approximately 91.7%25]. 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.&Dithwas 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 edd25].

Hardness foramae r i a | i s defined by Groover as the
i nde n fl8]tThionmeans that hardness is the ability of a material to resist scratches,
penetrations, lastic 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 d88fility

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 corredetivren hardness and strength

in these materiald 24].

Within the literature reported here, a few number of scholarly works provided
observations on the materials microhardness/hard288$25], [27], [85], [94], [97], [104],
[107], [109], [110], [112], [113], [117], [123], [129], [131], [138hd onlytwelve of these
focused on AM materials[23]i [25], [27], [85], [97], [104], [107], [110], [112], [113], [117]n
the literature hereninealso reported fatigue dafi@5], [94], [97], [104], [107], [110], [112],
[129] andelevenreported tensile daf@3], [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 seerable2.9.
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#

(23]

[24]

(25]

Table2.9: Hardness results faest specimens

Hardness Test / Parameters Material Treatr_n_ent
Condition
Vickers Hardness EBM
(TUKON 1202 (Wilson (Vertical
Hardness) machine, load 10N, Orientation)
dwell 10 s, 5 mea;urements Ti-6Al-4V ELI
takenevery 5 mm in the
vertical direction and 15
measurements every 2.5mm ir
the horizontal direction)
EBM
(Horizontal
Orientation)
. EBM
Vickers Hardness (Speed Factor
(load 1000 gf, 55x, dwell 20's, _. P
>2.5 indentation width Ti-6Al-4v 30)
s z.acin ) EBM (Speed
pacing Factor 40)
. EBM
Rockwell C Hardness Ti-6Al-4V SLM

Hardness Measuremets

Omm from build platform=390 HV ***
5mm from build platform=370 HV ***
10mm from build platform=375 HV ***
15mm from lild 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 frombuild 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 buidl 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 ***
-5.0mm fromcenter=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 ***

364.8 HV * £ 8.7 HV *

3720 HV * 7.2 HV *

40 HRC
41 HRC

(N = not reported, * = Averagevalues, ** = Values approx. from graphs, *** = Average values approx. from graphs)
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Table2.9 (coninued)
Wrought .
(Coarse 38HV
Wrought 43 HV *

(Equi axe
Top (Co86KHwe U) =
EBM-1 Bottom (Finer U0) =
Average = 3.8 HV *

Vickers Hardness
(load 25 gf (0.25N), dwell 10 Ti-6Al-4V
s, HV=0.01 GPa)

Top (Coarse U) = 3.
EBM-2 Bottom (Finer U0) =
e *
[27] Wrought Average = 4.1 HV
48 HRC *
(Coarse
Wrought 52 HRC *
(Equi axe
Rockwell C Hardness Ti-6Al-4V Top (Coarse U) = 37
(load 150 kgf (1.5 N)) EBM-1 Bottom (Finer U) =
Average = 40 HRC *
Top (Coarse U) 49

EBM-2 Bottom (Finer U0) =
Average = 50 HRC *

(N =not reported, * = Average values, ** = Values approx. from graphs, *** = Average values approx. from graphs)
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Table2.9 (coninued)

Citation HardnessTest / Parameters Material Treatr_n_ent Hardness Measurements
# Condition

SLM As-built 380 HV* + 10 HV
0.00mm deep=405 HV ***
0.10mm deep=390 HV ***
0.15mm deep=385 HV ***
0.20mm deep=385 HV ***

SLM + 0.30mm deep=380 HV ***

Tribofinished 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 ***
0.00mm deep=410 HV ***
0.10mm deep=415 HV ***

Vickers Hardness 0.15mm deep=410 HV ***
(diamond indenter, max 0.20mm deep=405 HV ***
[85] applied force 1N, load Ti-6Al-4V ELI SLM + Shot 0.30mm deep=395 HV ***
applied at constant 0.1 N/s peened 0.40mm deep=395 HV ***
rate, dwell 10 s) 0.50mm deep=395 HV ***

0.60mm deep=400 HV ***
0.80mm deep=395 HV ***
1.00mm deep=390 HV ***
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 ***

SLM +HIP 0.40mm deep=340 HV ***

0.50mm deep=340 HV ***

0.60mmdeep=350 HV ***

0.80mm deep=345 HV ***

1.00mm deep=350 HV ***

[94] E/Fls(;gi Hardness Ti-6AI-4V N 308 HVso

Wrought 314 HV* (min=291 HV, max=337 HV)
Vickers Hardness SLM 360 HV* (min=337 HV, max=388 HV)
[97] (CLEMEX microhardness Ti-6Al-4V SLM + Heat 700 351 HV* (min=334 HV, max=372 HV)
tester, 100 g weight) SLM + Heat900 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)



Citation
#

[104]

[107]

[110]

[112]

[113]

[117]

[123]

Table2.9 (coninued)
Hardness Test / Parameters  Material Treatr_n.ent Hardness Measurements
Condition
Wrought o
(Coarse U) 3.7 Hv
Vickers Hardness . Wrought (Equiaxed
-6Al- . 4.3 HV ***
(force 25 g, dwell 10 s) Ti-6A-4V ) p)
EBM (END) 4.5 HV ***
EBM (START) 4.4 HV ***
Rockwell C Hardness Ti-6Al-4V EBM (END) 35 HRC ***
(load 150 kgf (1.5 N)) EBM (START) 35 HRC ***
Rolled 310 HV *+£ 6.1% HV *
Rolled + HIP 300 HV * £ 7.0% HV *
Vickers Hardness Ti-6Al-4V EBM 369 HV * + 1.9% HV *
(load 0.3 kgf) EBM + HIP 345 HV * £2.6% HV *
DMLS 378 HV * + 0.8% HV *
DMLS + HIP 340 HV * £ 2.1% HV *
Rolled+ Polish 310 HV *
Elollled+ Polish+ 300 HV *
zg‘;f 3H|frg”ess Ti-6Al-4V  EBM 369 HV *
=g EBM + HIP 345 HV *
DMLS 378 HV *
DMLS + HIP 340 HV *
EBM 369 HVo3*
f *
Vickers Hardness Ti-6Al-4V EBM + HIP 345 HVo 3
(load 0.3 kgf/mm) DMLS 378 HVp3*
DMLS + HIP 340 HVp3*
Vickers Hardness EBM (Block 1) 332.8 HVN *
(load 500 g¢f, dwell 15 s, Ti-6Al-4V EBM (Block 3) 334.0 HUN *
room temp)

2.0**mm from buildplatform=353 HV ***

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

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

Vickers Hardness 9.0*mm from build platform=358 HV ***
(load 1000 gf, 55x, dwell 20 11.0*mm from build platform=359 HV ***
s, >2.5 indentation width 13.5*mm from build platform=354 HV ***
spacing) 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 ***

Wrought 326 HV50 * + 1 HV50 *

Wrought + Shot
Ti-6Al-4V Peened (3.5 bar)

Wrought + Shot
Peened (4.5 bar)

Ti-6Al-4V EBM (Manual)

Vickers Hardness 412 HV50 * £ 47 HV50 *
(load 5 N, dwell 10 s)

439 HV50 * + 66 HV50 *

(N = not reported, * = Average values, ** = Values approx. from graphs, *** = Average values approx. from graphs)
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Table2.9 (contnued)
Citation Hardness Test / Parameters Material Treatr_n_ent M eSS MRS TETETS
# Condition
Wrought 330 HV0.1
Wrought + Deep -
[129] Vickers Hardness Ti-6Al-4V Rolled SR

Wrought + Laser

*kk
Shock Peened 348 HVO.1

Wrought 1600em fromH¥*r face
Oegm from surface=30
10em from surface=2
50em from surface=2
60em from surface=2
80em from surface=2
90em from surface=2
Vickers Hardness 170em from surface-=
(131] (ShimadzuHMVG Ti-6Al-4V Wrought+High 200em from surface=
microhardness tester, load 1 Energy Shot 250em from surface=
N, dwell 10 s) Peened 400em from surface=
500em from surface=
600em from surface=
800em from surface=
1000em from surface
1200em from surface
1 4 0 Oformsurface=185 HV ***
1400em from surface
Wrought 350 HV *
Oem from surface=57
15em from surface=5
(DHV-1000 digital 25em from surface=5
[133] microhardness tester, load  Ti-6Al-4V Wrought+Shot 50em from surface=4
2.94 N, dwell 20 s) Peened 7 5 & m dunfacerd80 HV ***

100em from surface
125em from surface
150em from surface

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

2.2.6Types of MechanicalTesting

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; howieese 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 testgjieeers can better design products to meet the functional



40

and performance requirements for the applicgti@j. For better understanding of the material
properties and thus moré#exctive 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 igatiin practically every industry.
Fatigue is a specific type of failure that happens when fluctuating, dynamic stresses are exerted
on a material134], [135] Fatigue testings 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 fAthe number of str dkB86andmtbeai n) cyc
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 loadajplied[137].

There are five primary types of stressing that can be performed on fatigue specimens.
[136], [137] These modes include axial loading (tenstompression, tensietension), plane
bending, rotating bend, torsional loadiagd combined stressiffj36], [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 andgdiand tests also aim to
create tensile and compressive stresses in theadghioweverthe bend tests create tensile
stresses on the outer half of the bend while compressive stresses are created on the inner half
thus meaning the stressesvaryfiorhe neut r al bend axis to the s
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-umiform 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. Hetesgaes 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 afiB8@jires

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 classificft®n. As the name suggests, constaad
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 constdimdoaould experience an
increased rate of crack propagation while those under constant displacement wflBdnot
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 maximuesstvithin a single loading cycle
(R=Smin/Smax]136]i [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 [tE36}¢138]

When R 8§ negative (R<0) the test is called either fully or partially reversed t¢$86¢ [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 therdirection136], [138] When R is

between 0 anel (- 1<R<0) the minimum compressive (negative) stress is smaller in magnitude
than the maximum stre§k36], [138] Fully reversed testing is when R-is(R=1) and the

oppasing 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 M&6g [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 amd38]. If R is equal to 1 however (R=1) no stress

variation can be observed meaning that the test is not a fadighlE36].

2.2.7Fatigue Behavior

Within the literature several testing configurations have been used to experimentally test
the fatigue performance of AM BAI-4V, thus making comparison across studies difficult.
Primarily, the pubshed 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.

2.2.7.1Specimens Tested at R > 0

Several studies reported experiments performed with R valudsmiean zerg28],
[29], [84], [88], [91], [92], [95], [98], [104], [105], [113], [121]The most commonRalue
reported in these studies was R =[@4], [29], [84], [88], [91], [92], [95], [98], [104], [105],
[113], [121] however, some scholars reported usiigeoR values also such as R = (194,
R = 0.5[28], [88], R = 0.7[104], and R = 0.§28]. Table2.10 summarizes thdifferent
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 usingadueFof 0.1 and most of
which were reported to utilize load control modibe 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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#

[28]

[29]

[84]

(88]

[91]

[92]

[99]

[98]

[104]

[105]

[113]

[121]

Material
Process

EBM

EBM

DMLS

EBM

EBM &
DMLS

EBM &
DMLS

EBM

SLM

EBM

EBM

EBM

Traditional

Raw
Material

Ti-6Al-4V
ELI

Ti-6Al-4V

Ti-6Al-4V

Ti-6Al-4V

Ti-6Al-4V

Ti-6Al-4V

Ti-6Al-4V
Ti-6Al-4V

Ti-6Al-4V
ELI

Ti-6Al-4V

Ti-6Al-4V

Ti-6Al-4V

HIP/
HT

HT

HIP
& HT

HIP

HIP

HT

HIP
&HT

HIP
& HT
HIP

& HT

HIP
&HT

None

Surface
Treatments

Milling

N

Chemical,
Abrasive
Blasting,
Milling,
Other

Milling

N
Milling
Milling

N

Milling,
Polishing

Milling

Chemical,
Milling

Fatigue  Control
R Value Type Mode
0.1,0.5, Crack N
0.8 Growth
0.1 Axial N
0.1 Axial Load
0.1,05 Axial Load
Axial Load
0.1 Crack
Growth Load
0.1 Axial Load
Crack
0.1,0.7 Growth Load
0.1 Axial Load
Crack
01 Growth N
0.1,0.3, Crack N
0.7 Growth
0.1 Axial Load
0.1 Bending Load
0.1 Axial Load

(N = not reported)

Table2.10: Summary of &tiguetests with R > 0

Hz

20

110

20 &
30 (at-196°C)

150

20

10

20

10

10

Reported Test Conditions

Room Temp
RelativeHumidity: 20-50%
K-control crack growth rate:
5-9 x 10 mm/cycle

N
Ambient
Max Stress Levels: 36800

MPa
Runout: 3 x 10

Temp:-196°C,-101°C,
20°C, 149°C

Run-out: 10

KT=1

C(T) 40
N
C(T) 40

Room Temp
N

Room Temp
Relative Humidity

Room Temp

Max Stress Levels: 30800
MPa

Run-out: 10

Interrupted Testing

Stepwise Load Increase (5C
MPa every 5 x 10cycles)

43

Reported
Standard

2

N

EN 6072
ASTM 647
EN 6072
ASTM 647

ASTM E466

ASTM E64708

ASTM E647

N

ASTM E46607
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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 maf2@hl[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 stren@®y, [88], [92], [95], [105], [113] This is
because interngrocess induced defects (porosities, unmelted regions, and disbonded regions
[104]) are identified as a common source of crack imdtrasites, which can be deleterious to the
fatigue behavio[95], [98], [104], [105]especially since they tend to dominate theytet
behavior on smooth surfaced samyf. Draper et al. however reported thlafects
originating from the material did not adversely affect the fatigue life because the size of the
defects was too small to play any rf88]. Secondly, it was reported that some secondary
surface treatments increased the fatigue life di/idual sample$84], [88]. However, for other
surface treatments fatigue properties were not affected, even with an increase in surface area (i.e.
roughening of the surfacf)21]. Because some scholars reported that surface roughness

dominated in certain fatigue te$€d ], this discrepancy should be further investigated.

2.2.7.2Specimens Tested at R = 0

Of the reported literature, very few studies reported the use of fatigue testswvetheR
equal tozero[83], [101], [114] Table2.11 shows a summary of the conditions and parameters
used by these studies in their experimental work. As seEabile2.11, 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 ashevetieodology
and geometry101], [114]while the other performed axial fatigue experiments based on a

common standar{B3].
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Table2.11: Summary of fatigue tests with R = 0

Reported

Citation Material Ravy HIP Surface R Fatigue Control Hz Test Reported
# Process  Material /HT  Treatments Value Type Mode Conditions Standard
[83] LMwD R}GAL N '\Pllollllllsnrgng 0 Axial Displacement 8'5’ 'Ego(rin[i& éggg/l
[101]  DMLS R}GA" N N 0 ggxg' Displacement 20 RUTOUEZ
[114] EE/I“CS& R}GAL N N 0 ggxgl Displacement 15 E;&:out: 2 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 saifi@3g$101], [114] One work concluded from
this thatasbuilt DMLS Ti-6Al-4V parts exhibited a higher fatigue strength than thoseATH
4V parts that were made using the EBM prod¢&§4d]. Additionally it was noted that all three
also concluded thahe orientation of the samples during fabrication (a.k.a. build direction)
affected the fatigue behavif@3], [101], [114] In these studies only one scholar reported any
conclusion regarding failure mechanisms and the influence of defects on fatig@a]lifeor
this study it was noted that the lack of fus{toF) 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 te[3]. These scholars also reported that the propagation of the fatigue
crack was observed to follow the interface between the alphbedaghases, however it did not
cross the alpha lattj83]. This thus implies that changing the microstructure could affect how

the crack propagates throutfte sample during the fatigue study.
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2.2.7.3Specimens Tested at R < 0

Several studies reported fatigue experiments that were designed-vathd® less than
zero[54], [85], [87]i[90], [93], [94], [97], [98], [102], [106], [108], [111], [112], [129]In this
representation of literature, the majority of scholars performed experiments usiig/b4}

[85], [871i [90], [93], [94], [97], [98], [102], [106], [108], [111], [112], [12%Ind only one

scholar reported the use of another negatilRe[54]. For simplicity the various parameters

and conditions used in these tests with R less than zero are summaiiabteh12. Under this
R-value both load and displacement control modes were used to test primarily milled or polished
sample surfacesdditionally, most studies reported some use of HT or HIP in their work. Axial
fatigue tests represent most of the testing metlogitd summarized ihable2.12, however

torsion and bending fatigue tests were also performed.
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(54]

(85]

(87]

(88]

(89]

[90]

(93]

[94]

[97]

(98]

[102]

[106]

Material
Process

SLM

SLM

SLM

EBM

SLM

SLM &

Traditional

EBM &
SLM

Traditional

SLM &
Traditional

SLM

SLM

LENS

Raw
Material

Ti-6Al-4V

Ti-6Al-4V

ELI

Ti-6Al-4V

Ti-6Al-4V

Ti-6Al-4V

Ti-6Al-4V

Ti-6Al-4V

Ti-6Al-4V

Ti-6Al-4V

Ti-6Al-4V

Ti-6Al-4V

Ti-6Al-4V

HIP/
HT

HIP
& HT

HIP

HIP

HIP
&HT

HIP
&HT

HIP
& HT
HIP

&HT

HT

Table2.12: Summary of &tiguetests with R <0

Surface
Treatments

Milling,
Polishing

Shot Peening,
Electrochemical

Milling

Milling
Milling,
Polishing

Milling,
Polishing

Milling,
Polishing

NR

Milling,
Polishing

Milling
Milling,
Polishing
Milling,
Polishing

R
Value

-0.2

-1

-1

-1

Fatigue
Type

Axial

Axial

Axial

Axial
Bending
Axial-

Torsional

Axial
(Ultrasonic)

Axial
(Ultrasonic)

Axial

Axial

Axial
(Ultrasonic)

Axial

Control
Mode

Load

Load

LCF:
Displacement
HCF: Load
LCF:
Displacement
HCF: Load

N

Displacement

Load

Load

Displacement

(N = not reported)

Hz

20

150
LCF: 1.1-2.8
HCF: 90

LCF: 0.5
HCF: 20 & 30
(at-196C)

50

HCF: 10000
VHCF:
1800622000

20000

HCF
Traditional:
82

HCF SLM: 82

40
19500

Adjusted

Reported Test Conditions

Room Temp

Ambient

Max Stress Levels: 160
600 MPa

Runrout: 5 x 10

LCF: Deformation Speed
0.056 ¢ Run-out: 1¢
HCF: Runout: 10

HCF: Temp:-196°C,-
101°C, 20°C, 149°C, Run
out: 10

Room Temp

1000 kN Axial + 1000 Nm
Torque

in-phase/90 degput-of-
phase

HCF: pulse/pause mode
(600ms w/ 900ms
intermittent pauses)
VHCEF: pulse/pause mode
(600ms w/900ms
intermittent pauses)

N

HCF Traditional: Room
Temp, Stress Amplitude:
600 MPa

HCF SLM: Room Temp,
Stress Amplitude: 200,
350, 400, 500, 600 MPa

Ambient

Pulse/pause mode
Compressive Air Cooling

N

Reported
Standard

ASTM E46607

ASTM E606

LCF: NF AO3
403
HCF: 1ISO 1099

N

ASTM E2207

=z

ASTM E46607

N

ASTM E60692
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[108]

[111]

[112]
[129]

DMLS

EBM &
SLM &
Traditional

EBM &
DMLS
Traditional

Ti-6Al-4V

Ti-6Al-4V

Ti-6Al-4V
Ti-6Al-4V

HIP
& HT

HIP

HIP
&HT
HT

Milling

Milling

Milling,
Polishing
Shot Peening

Table2.12 (coninued)

1

Axial-Torsional

Torsion

Axial

Axial-Torsional

Bending
Axial
(N = not reported)

Displacement

Displacement

Load

Displacement

N
Load

0.255

N

115

60

Failure: 1612% change in
load/torque
Displacement: 1 °/min
(0.0025 mint Strain Rate)
Failure: 25% change in
displacement/rotation
Room Temp

Staircase loading

Failure: 1 Hz drop (~3mm
crack length) OR 2 x 0
Compressed air cooling
Failure: > 1 deg. rotation
OR2x 16

Run-out: 10
Room Temp & 450°C

ASTM E2207

p=d
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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 [j&8] and others claim that had reduced fatigue
life compared to conventional samp[&4], [89]. Those thastated 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 mafg4igl[89]. In addition to this, there is
some disagreement within the literature on whether or not the orientation in which the samples
are manufetured affects the fatigue behavior. Depending on the test parameters it is noted that
the build direction can affect the fatigue properf®H or it can have no significant effd&7].

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 princkased porosities initiate fatigue
failure[87], [89], [90], [93], [94], [97], [98], [106], [108]Some evement further to say that

those internal pores which are closer to the surface have a greater impact orifa6g@ther
scholars reported however that in their studies surface defects were the most critical to the

fatigue performancgB7], [90].

This follows the idea that improved surface roughness positingdacts 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 obsef88} [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 thtigue behavior, especially at elevated service
temperaturefl28]. In addition to surface treatments, one scholar reported that one of the best
ways to improve the fague performance is to subject samples to [88}. As mentioned in

Section2.2.7.1this is because HIP has been shown to reduce the size of defects [40, 63] and thus
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improve the fatigue performan{@5], [93], [102] Finally, in these reported studies it was noted
that HT had the ability to affect the fatigue performance for AM matd@dls [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

Section2.1and?2.2 highlights pertinent literature to this dissertation work. From these
sections it is clear that theeare several gaps in research that must be addressed in order to
effectively develop design guidelines for the fabrication of functional AMAT+4V which
achieve desired mechanical performance through the use diylussurface treatments. Based
on the review of literature in Secti¢hl, the developmental efforts of DFAM guidelines
conducted thus far in the literature have not included the impacts dbyittssurface treatments
nor their effect on mechanical performance sTdistinct 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 bene of the goals of this dissertation.

Section2.2 provides a review of the scholarly work focused on understanding the
mechanical performance of AM-BAI-4V, so asa help guideexperimental 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 userbpesses. 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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operationsncluded 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 pdmiild surface treatments and none wegorted 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 surfaisedh ideal test to use for understanding the

effects of surface treatments.
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CHAPTER 37 Research Objectives

The overall goal in this work is to develop a more comprehensive understanding of the
mechanical performance of secondary treated metal AM componentgsstieBAl-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 workgai@gith providing an outline of the
specific tasks completed &xhieve this goallhe following ®ctiors outlinethe three research

objectives, which will serve as the structure forrdmainder of thelissertation document.

3.10bjective #1i1 Effect of Surface Treatment on Fatigue

The first component in this dissertation work is the completion of mechanical tests
designed to understand how pbsild surface treatments affect the flexural fatigue behavior of
AM Ti-6Al-4V. It is hypothesized that the alterinfthe asbuilt AM surface through posiuild
surface treatments will affect the fatigue performance of metal AM componiéetspecific
objectives(SO) andtasks (ST) associatd with this larger objective are defined as follows:

1 SO Characterize and ampare the relevant attributes of surface treatments including:
surface appearana®ughnesschanges to dimension and mass
0 ST1.1 Establish appropriate imaging protocols to image treated surfaces using
optical microscopy and scannietgctron microscope (SEM)
0 ST1.2 Define procedure for collection of n@ontactbasedsurface roughness
measurement usingder scanning confocal mascopyand capture data for

comparison
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o0 ST1.3 Perform dimensional and masspection anditilize data to construct
representation for material removal
1 SO2 Investigate effect of HIP treatment on the defects, surface, and mechanical
properties of samples
0 ST2.1 Optically characterize defects and changes to sample surface after HIP
using optical microscopy and SEM imaging
0 ST2.2 Assess oxidation of sample surface after HIP treatment using transmission
electron microscopy (TEM)
0 ST2.3 Conduct Knoop microhdness masurements to determine changes after
HIP treatment
0 ST2.4 Characterize density changes using gas pycnometry
1 SO3 Establish representative model of fatigue behavior and failure sites for samples with
and without surface and HIP treatment
0 ST3.1 Image sample fracture surfaces using SEM to determine common failure
sites and mechanisms
o0 ST3.2 Developrepresentatioof fatigue behavior outlining the number of cycles

samples are able to withstand before failure

3.20bjective #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 ortation d the metal AM sampled.o understand the

connection between these two factors, similar experimentation as described in Séotiasn
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utilized. Howeverthespecific objectives (SOandtasks (ST)associated with this larger
objective are defined as follows:
1 SO Investigate related aspects associated with the use of various build directions to
fabricate samples including: dimensional, and surface characterist
0 ST1.I Characterize dimensional differences through inspection
0 ST1.2 Assessample surface variation using optical microscopy and SEM
imaging
1 SO2 Characterize fatigue failure of samples
0 ST2.1 Investigate facture surfaces using SEM and utilize wataderstand the
common failure sites
0 ST2.2 Createarepresentatioof fatigue behavior outlining the number of cycles

samples are able to withstand before failure

3.30bjective #3- Development ofProcess and Design Recommendations

The third objective is the development of a series of desigmmmendationsvhich can
be used for the production of functional AM-@AI-4V components. It is hypothesized that
given an understanding of fatigue performance and surface modification mitabgsidelines
could be constructedlhe specific objectives (SOandtasks (ST)associated with this larger

objective are defined as follows:

I SOZI Discussion and demonstration of recommendationsufesurface finish as the
principle focus foisynthess 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 mbetdéngineering requirements of agtuot.
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 foipleidgbrmance mechanical
products.The primary pedrmance metriexaminedwill be fatigue life howeveadditional
characterization will be conducted to support the understandihg af/clic fatigue results
Practical implementatioaf the findings from this work will be made possible through the

development of generalized finishing recommendations for EBBIATi4V components.
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CHAPTER 4 i Effect of Surface Treatment onFour-Point Flexure Fatigue

4 1 Introduction

Thus far, research regarding the mechanical properties of surface treated HBBMAM
has primaily 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 leareaBHAPTER 2,
it was seen that studies targeting flexural loading scenarios were severely lacking from the entire
body of literatureBecause they involve fundamahtensile, compressive, and/or shear stresses
during loading, flexure tests are useful for testing-veadd parts. Understanding the ability for
a material or part to resist deformation and failure under load provides critical insight in the

design andabrication of reliable components.

Flexure fatigue tests are primarily used to determine the fatigue life of a material or
component as described in SecthR.6 Within the larger scope of flexure fatigue tests, four
pointtesting scenarioarepreferred means to test the responses of a material that has undergone
surface treatments. This is because-fmint 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. Thistgetends itself to easy
fabrication with the AM process’ hi ch doesndédt require additional

with threads or other features, for testing.

Therefore, this chapter aims to specifically address the objectives and tasks outlined in

Section3.1and contribute to build the body of knowledge on the effects of surface treatments on
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the fourpoint flexure fatigue of EBMbroducedTi-6Al-4V. As part ¢ this chaptera pilot study

was first conducted to prove validity of the approach taken for the final experimental work.
Sectiord.2and4.3 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 Treatmenton Fatigue Peformance

To establish feasibility of the experimental approach for-fmint fatigue testing of
surface treated TAI-4V reported in later sections, a pilot study was performed. This
preliminary work presented in this section focusadieveloping treamhent, characterization,
and testing protocols. It also aimed to construct an initial understanding of the factors and their

relationshipswhich affect the foupoint fatigue behavior.

4.2 1Materials and Methods

4.2.1.1Sample Fabrication

For this plot research, a siexs of fourpoint flexural tests were conducted on additively
manufactured flexural samplesome of which were exged to one of a series of pdmitild
treatments. In this study, a total of 104 samples were manufactured from standard plasma
atomized ArcanTi-6Al-4V powder (45105 um) using an Arcam Q10plus electron beam
melting (EBM) machine with standard-BAI-4V build themes (software version 5.0.57).
Sample geometries were chosen based on ASTM C13&pecifications for a foypoint
flexure test confjuration featuring freely rotating bearing cylinders with a nominal diameter of

6.35 mm[139]. The samplgeometry for this fixture configuration can be seehigure4.1.
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Figure4.1: Sample geometry (Unitsnm).

In this study, the samples were produced in the XZY and YZX orientations, as described
in ISO/ASTM 5292113, to preferentially orient any potential layer defects from the AM process
during fatigue testin§fl40]. 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 layes. The resulting build layout, as showrFigure4.2a, allowed a total of 52
samples to be produced in a single build, meaning a total of two builds were requiredite prod
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 sejmariéds 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 8imy from lack of support structures at the ends.
Figure4.2b depicts the support structures for the fatigue samples. Each of the witness coupons
were built directly onhe 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.



Figure4.2: Preliminary ild samplelayout (a) Sample layout for EBM builds; (b) Support

structures for fatigue samples

4.2.1.2PostBuild SampleTreatments

Once all samples were built, great care was taken in sample handling to enssre the a
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 randoigheds® one of seven
surface treatment methods (Control, HIBntrol, RASP, SPEX, ChemEtchl, ChemEtch2, and

Abrasive).

Besides support and loose powder removal, no additional processing was performed on
the Control group samples. All other samples inrémeaining 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® Techn@lddipsnd
the HIPparameters selected for this study (820°C, ~2000 bar, 2 hours, rapid cooling) were based
on previously published work from Arcam AB25]. In the HIRControl group, only HIP was
performed after manual support removal. Rotationatlgelerated Shot Peening (RASP)

treatment described §h¥42] and depicted ifrigure4.3 was performed on HIP samples for eight
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minutes using 0.8 mm diameteaistiess 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
Figure4.4 for the total treatment time. Two types of chemical etching presessre 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 neeroved from the etchant and

rinsed for seven cycles. Samples treated with Chem Etch 1 were immersed in a solution of 7%
HF and 40% HN®(v/v %) for ten minutes while those treated with Chem Etch 2 were

immersed in a solution of 3.5% HF, 5.3% HCI, ar@®HNG; (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 a58284 mm (26 inch) working
distance, shown iRigure4.5, 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 Abrask postbuild 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 reductionaaf surfa

roughness through increasing concentrations of commonly used etching solutions.
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Impacting angle close to 90°

Figure4.3: lllustration of the RASP process recreated from [139]

Figure4.4: lllustration of travel path for SPEX bathilling treatment

Figure4.5: lllustration abrasive blasting treatment

4.2.1.3Characterization

The particle size distributiofPSD)and particle morphology of the starting material was
assessed with a Microtrac S3500 particle size analyzer and a JEG&QI®MA InTouchScope
scanning electron microscope (SEM) respectively. An average of data collected from three runs

with the particle ge analyzer was used to determine the particle size distribution (PSD) for the
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starting material. Optical microscof®M) was used to characterize the microstructure before

and after HIP was performed using a HIROX KOO0 digital microscope. This was @oto
assess the defect population and the effect
observing if there were any changes to the
characterize the treated surfaces as well as the fractfimeesirAn energyispersive xray
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'700 digital microscope (Control and HGbntrol groups only)
or a Dektak 150 Surface Profiler (all other treatments). The 1syrithesis tool was used to
measure the Control and H{Bontrol groups because the vertical rangthefDektak 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 tBgttet.6 shows
one of the measurements collected using the rayttihesis tool on the HIROX. For the Dektak
measurements an average Ra was calculated for two different directions, along (vertical) and
across (horizontal) the build dirém (Figure4.1). This average was calculated from five

measurements taken with the Dektak in each direction.

Figure4.6: Measurement across sample area using the HIROX-syithesis tool

S

Vv

a
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Figure4.7: Measurement terminology using Dektak surface profiler

4.2.1.4Mechanical Testing

To test a sampling area of the surface, fooint 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 C1163, as seen iRigure4.8. Braces were also
included to prevent unwanted sample movement away from the load noses that might cause
premature failure from excessive pinning. During these, tistdoad panto-support span ratio
was 1:2, and the test was automatically stopped when 1EG6 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 F6AI-4V was used to ideify 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 hbevgurface treatments affected the fatigue performance while

minimizing the total testing time.

(2)

@6.35 mim Pins
25.4 mm Spacing

@6.35 mm Pins
50.8 mm Spacing

Figure4.8: Four-pointfatiguesetup (a) CAD model of fatigue fixture; (Batigue fixture
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4.2 .2Results

4.2.2.1Powder Feedstock

The particle size distribution of the starting powder was confinm&twithin the
standard EBM powder distribution to range from 66174 4 . 6 €D®0] lpy Ddlufhe (51.20
90. 81 €D90] lhy bumber). The morphology was seen to be predominantly spherical.
Some particles were observed to have small satellite particetedt or next to them as well as
evidences of dendritic growth during solidification in the plasma atomization préoggse4.9

shows some representative morphologshefstarting material.

SEl 20kV WD12mmSS60

NCSU MSE JEOL JSM-6010LA NCSU MSE JEOL JSM-6010LA

Figure4.9: Powder forsamplefabrication (a) Random sampling of powder patrticles; (b) Single

powder particle with satellites and dendritic solidification

4.2.2.2SampleMicrostructure

Themicrostructures of the dsuilt samples were as expected for AMGAI-4V made
with EBM in that t her egrawatsictuee. Itrwastolesdrved thalt imthen ar p
asbuilt samples there was a number of layer and point defects associatduevgtttking and
melting of the layers of T6AI-4V particles. This was not observed in samples that underwent

HIP treatmentFigure4.10 shows the effect of the HIP treatmies compared to the-asilt
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condition. It specifically shows the microstructure and defect population between the Control
and HIRControl samples. A closure and/or healing of the majority of the voids and defects
occurred during HIP and there was onlinar change in microstructure that was incurred.

Because the minimization of internal stress concentration sites was a priority, any changes in

microstructure were ignored.

Bulld Direction

Figure4.10: Comparison of defect population and microstructure betwebh dabuilt Control
sampls (cd) and HIRControl samplegBlue circles encompas®msity defects and green

rectangles encompass layer defects)

4.2.2.3PostBuild SampleTreatments

Surface characteration was performed using SEM and the collected images of each
surface can be seenhilgure4.11. As compared to the Control surface the other surface

treatments haverdstically different appearances. Evidence of the compaction of surface
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particles can be seenkigure4.11b andFigure4.11d. 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 casepeeshinFigure

4.11e, smoothing of these patrticles is clearly evident. The surfdeigume4.11c is the most
uniquecompared tahe Control surface iRigure4.11a and shows signs of particles being

sheaed 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 deterhahéuere were not

high concentrations of residual materials from surface treatments present on the surfaces in the

SEM images.

@)

SEI 20kV WD10mmSS60 200pm
NCSU MSE JEOL JSM-6010LA

Figure4.11: SEM surface&comparison (a) Aduilt Control; (b) RASP; (c) Abrage; (d) SPEX;
(e) Chem Etch 2
As determined by the mulsiynthesis tool on the HIROX, the arithmetic average of the
roughness profile (Ra) for the Control sampl e

results from the Dektak measurements can be sebabie4.1. From these measuremernitss
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clear that all post treatments improved the surface roughness as compared-twithe€astrol

surface.

Table4.1: Dektakmeasuremengummary

Treatment

H - SPEX

V - SPEX

H - Chem Etch 1
V - Chem Etch 1
H - Chem Etch 2
V - Chem Etch 2
H - Abrasive

V - Abrasive

H - RASP

V - RASP

(V indicates measurements collected parallel t
the build direction, H indicates measurements
collected perpendicular to the build direction)

4.2.2.4Fatigue Behavior

Avg. Ra
(Hm)
8.15
8.07
20.62
18.51
11.06
10.91
8.27
8.96
14.16
16.27

SD
(um)
2.27
2.29
4.37
2.26
1.76
0.96
1.50
1.76
1.49
2.30

Evaluation of the fatigue properties, as showRigure4.12, indicate that there are no

significant effects between the Control dtidP-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 pbtreatment method itself as some treatments, like Abrasive, indicate an

increase in variability.
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Number of Cycles Until Failure

B 496 MPa {45% of UTS) B 607 MPa (55% of UTS} I 717 MPa {65% of UTS)
450000
350000
250000

200000

150000

Number of Cycles Until Fallure

100000 E

50000 o B B B
o == *--
Control HIP-Control RASP SPEX Chem Etch 1 Chem Etch 2 Abrasive

Treatment Type

Treatment 45% UTS p (o; n) 55% UTS u (o; n) 65% UTS u (o; n)

Control - - 13,481 (2,829; 2)
HIP-Control 47 451 (3,746; 6) 17,328 (7,978; 6) 13,060 (1,378; 6)
RASP 313,169 (42,410; 3) | 78,382 (9,069; 3) 43328 (9.843; 4)
SPEX - - 112,462 (10,076; 3)
Chem Etch 1 - - 44,768 (9,423; 3)
Chem Etch 2 - - 46,882 (10,755; 3)

Abrasive | 219,829 (127,334;5) | 73,723 (41,374; 6) | 53,454 (34,698; 6)

Figure4.12: Preliminay fatigue results (&erage Standard deviationrandSample sizeeported)

4.2.3Discussim and Conclusions

As a result of thisipot experimental workit was determined that each of the post
treatments produced unique surfadesome cases, this surface had the potential to significantly
improve the fatigue behavior of the sample beingetesthe surface modification from the post

build treatments was also shown to reduce the surface roughness of individual Jaroples.
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this work it wasbelieved that the increase in fatigue life is directly correlated to the reduction in
surface roughnedsowever further analysis of the fracture surfagesld berequired to truly
understand this relationshipdditionaly, larger sample sizesould alsobe neededo provide
statistics on variability andomplete the N curves for this experiment, but thedational

information collectedvaspromising For this reasarithe development of extended experimental
design with larger sample size was pursued before completion of preliminary experimentation at

lower stress levels.

4.3Modeling the Effects of Surface Treatment on Flexure Fatigue Performance

The experiment describél this section is a continuation of the experimental work
presented in Sectich2. As compared to the preliminary work, additional surface treattme
methods and larger sample sizes were investig@itezke final flexure experiments tested a
variety of surface finishing operations, such as f@ghrgy shot peening, machinirapemically
accelerated vibratory polishingnd electrochemical machining, see how they affected the
fatigue performance compared to the unmodifiebwk surfaceTo expedite treatment of
larger number of samples for tHisal experimentsurfacetreatmentsnvolving over 90 minutes
of treatment time per sample were nohsidered, meaninte SPEX treatment from the pilot
study was not used.ddlitionally, becausehe ChemEtch treatmentslafger sample sizes would
require significant quantities of hazardous chemicals for to prepare all the samples it was also
eliminatedfrom consideration in the final study. Thesults of this work are explainéu

following sections.
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4.3.1Materials and Methods

4.3.1.1Mechanical Test Configuration

During this experiment four-point bend test approachutlined in Sectiod.2wasused
instead ofa threepoint bend setup so assample a larger surface ardaese fatigue testsere
force controlled (i.e. constant load type tests) and applied loads for easkeresalculated
based on a chosen percentage of the yield strength (YS) in flexemsured fothetreatment
group with the lowest theoretical yield stress Badiation4. 1.

Equationd.1: Appliedload infour-pointflexuresetup

. T, 00
0 =
oL

where0 = applied load, = stress (chosen as percentage of YS in flexure) at the midpoint in the

outer fibersp = width of specimeng = thickness of specimen, afd= length of support span.

The calculation of this load iBquation4.1 is used for fowpoint 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 dimeoasswereaccounted for. Unlike the preliminary work, yield
strength in flexurevasused as the basis for determining the levels of stress for the fatigue
experiments. For the sample condition with the lowest theoretical yield stress, yield straagth w
measured using staticgoint flexure tests and 0.2% offset method in order to utilize existing
sample geometrieResults from these static tests for sample condition of Iavestetical yield

can be seen iRigure4.13. Additionally, a runrout value, the threshold number of cycles to stop
the fatigue tests at if reached,ta million cycleswasestablished for these fatigue tests based
on preliminary datal'he 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 th2e6 cycle rurout 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).

2.7e+003

Stress (Nmn)
:
i

200

Strain (%)

Figure4.13: Statictestresultsused todetermine YS

4.3.1.2Sample Fabrication

For this expement a total of 250 flexure samplesrefabricated using an Arcam
Q10plus machine with standard-@Al-4V build themes (software version 5.0.64) from standard
45105 pm plasma atomized Arcam-GAl-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 employadefficiently utilize the initial starting materiah description
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of how these 250 sample®re allocated for testing is provided later in this section. The
geometry of these samplegrebased on the ASTM C11613 configuration for foupoint
flexure test with 6.35 mm nominal bearing diame[g89]. This sample geometry is similar to
that shown irFigure4.1 in Section4.2.1, however sample geometry was adjusted to/be20
mmin length to ensure thatfficient length wuld be available for fixturing during surface

treaments. This sample geometry can be seéfigare4.14.

Figure4.14: Sample geometry for future experimentation (Units).

To preferentially orient any potential AM layer defects in the flexure tests, sawgles
manufactured in the XZY and YZX orientations, as described in ISO/ASTM 523p1140]. In
order to help distribute heat across individual build layers and help ensure sample uniformity,
each sample build, shown kigure4.15a, consigtdof 40 samples whictverelaid out in a
single layer with a 5 mm spacing between individual samples. Fatigue spewsressipported
during fabrication with support stttures designed such that (1) the sampi@®anchored to
the build platform to prevent sample warpage and (2) the number of support teeth in the support
span region on the sampilereminimized.Figure4.15b shows the support structure thgts
used All samples in this firstinal series of experimentgserebuilt using the same build layout,

therefore a minimum of seven buildgrerequired to achieve the total numbésamples. After
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each buildmanual removal of support struatwas performed on successfully fabricated
samplesThenrandom assignment to treatment growmas completetb help block for any

adverse differences between a sam@plriild or sample location within individual builds.

Figure4.15: Final samplelayout forexperiment #1 (a) Sample layout for EBM builds; (b)

Support structures for fatigue samples

4.3.1.3PostBuild Sample Treatment

Random assignment of sampleasdone in such a way that it would follow the design of
experiments (DOE) shown ifable4.2. Uniform stresdevels,that werecalculated using
previously described methodsere usedo test seven different sample conditions (Control,-HIP
Control, HIRElectrochemical Finishing (a.k.a. HElectro), HIRIsotropic Superfinishing
(ak.a. HIRISF), HIRRASP, HIRMachined (a.k.a. HiMach)). Standard HIP practices outlined
by [127], [125], and used in the preliminary experime(@20°C, ~2000 bar, 2 hours, rapid

cooling)wereused for all samples exposed to a surface finishing operatiorHldt®o, HIR
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ISF, HIRRASP, HIRMach) inan attempt to minimize any effects of internal porosifiéss

HIP treatment was performed on all samples in a single HIP &ydellection of samples that
were subjected tblIP treatment howeveverereserved (i.edid not have any surface treatments)
so that they @auld be compared to control samples thatrein the asbuilt condition so that a
baseline of the effects of HIP treatmeatild be establishedhese samples are termed HIP
Control. The HIRRASP treatment was also performed on HIP samplddalowed the same
protocols as described in Sectib2.1.2. However in this final experiment the treatment lasted
for 4 minutes (with 30 seconds between 180 degotations of the sample) using SAE 660
Erwin Steel Shot (5461 HRC)and a rotational speed &ccelerate the shot & m/s.HIP-Mach
samplesvere machined usingNC facemilling operationgo just remove the rough AM surface
from HIP samplesApproximatly 0.6 mm of material was removed from each f&anples in
the HIRElectro groupveretreated by electrochemical finishing with the help of Faraday
Technology IncFor proprietary reasons, a full description of processing parameters cannot be
provided br this treatment; howevea,sequential waveform processing was develdpecdeat
these samples. This sequence involved application of two waveform@;5eménuteduration
waveform (repeated twice sequentially) to rapidly remove material and a sémopd7b-
minuteduration waveform to achieve the final surface finldlR-ISF samples weré&reated by
REM Surface Engineering using their Isotropic Superfinishing Processg$Sfescribed by
[143]. This chemically accelerated vibratory finilsg process involved batch treating samples
together for 40 hours so that approximately16 mm (0.04 in) was removed bilateralxtra or
miscellaneous samplegere alsallotted in the DOE ifTable4.2 in order to develop process
parameters for HHElectro and HIASF finishing methods as well as replace any samples that

were deemed losturing treatmentlue to noruniformity of sample treatments or discrepancies
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during mechanical testind\ctual sample distributionsedin experimentation is shown ifable

4.3. Variation between proposed and actual DOEdaieeto modifications badeon actualized
fatigue test resultand equipment availabilityAdditionally, all miscellaneous samples were used
from the proposed DOE bate not reported iable4.3 as they would not be reported in final
fatigue results.

Table4.2: Proposed DOE faiatiguestudy #1

Actual Misc. Total #
Treatment

Samples Samples Samples
Control: NCSU 24 13 37
HIP-Control: NCSU 24 6 30
HIP-Electro.: Faraday Tech 24 6 30
HIP-ISF: REMSurface Eng. 24 6 30
HIP-RASP:NCSU-MSE 24 6 30
HIP-Mach.: NCSU 24 6 30
Extra HIP Samples - - 63
Total Samples to beFabricated 144 43 250

Table4.3: Actual DOE for atiguestudy #1

Treatment 490 593 703 814 917 Total #
MPa MPa MPa MPa MPa  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 SamplesTested 26 25 38 17 15 121

Additionally, to help facilitate uniform sampteeatment and testirfgr this final
experimentspecialty fixturesvere developedSuch fixtures include(ll) a static flexurewhich
was used in determining the yield strasslwasthenthe basis fodefining the various stressing
levels in the experiment as showrHigure4.16, and(2) the fixture to suspend samples during

RASP treatment as shownhigure4.17.
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Figure4.17: Rotationallyacceleratedghot peening (RASPjixture.

4.3.1.4Characterization

Similar characterization methods and protocols, as described in S&&ibr8, were
performed foithe final series of experiments aimed to address Objective #1, as outlined in
Section3.1. As in the pilot study, the starting material morphology and PSD was assessed using

a Microtrac 3500 particle size anaér and a JEOL JSMO10LA InTouhScope SEM,
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respectively. Data from a mimum of three runwith the particle size analyzer was used to

confirm that the PSD met the powder distribut

The change in population and size of internal sample ddfeftise and after HIRas
characterizedby OM usinga HIROX KH-7700 digital microscopgM was also used to observe
changes to the sampl esd mkocused fomn Beant(FIB) mdingf r om t
as shown irFigure4.18, was used to prepare Transmission Electron Microscopy (TEM) samples
in order to assess the formation or thickening of surface oxides after the HIP gelx®ssas
also performed during preparation of TEM sampledeti@rmine the abundance of elenseon
the sample surface and see if there were areas of higher or lower cormentraginy particular

regions.

Figure4.18: FIB processing oample inpreparation for TEManalysis

After being subjected to pebuild surface treatment, surfaces were characterized using
the same SEM and EDS protocols as described in Secfidn3. Surface raighness was

analyzed foma 7-imagex 2 imagestitchedmap ¢ x 2,combined 14 individual imagesfj the
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surface which wascollectedusing a Keyence VKK1000 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 7x 2 stitched area was generated using default lighting and proceasamgters.

Roughness measurements were performed using the Keyence MultiFileAnaly2€S¢Kes
software (Version 2.1.2.17) associated with the microsafipetilt correctiorof the image was
conductedvith respect to the samples reference pldihe suface roughness parameters were
collected from at least three different samples and were averaged togetbtat.of eight
samplingareasn the stitched imageseen irFigure4.19, were measured for surface roughness
comparison to determine if stitchilgd an effect on the final measurements. R8avere

1000° m by 1000 m areasselectednside of individuaimages within the stitcensuring that

the processed/sthed regions were excluded from these areas

Figure4.19: Surfaceroughnessneasuremenbcations Areal =entire sample area)
Spectroscopy elemental isotope analgsisolid samplewas performed usingvo
methods. First, solid samples were measuredasingf her mo Sci enti fic ARLE
Sequential XRayFluorescenc&pectroscopyXRF) Spectrometeaind analytical reports were
generated using the associated Thermo Scientific OXSAS software. Three measurements were
collected for each dhesamples and data was averaged togetGbemical composition of
powder samplewasanalyzed using handheldNiton XL3t970XRF Analyzermachne as the

stationary ARL Perfor mé X wihaiswaskmawnthaithe ed f or p
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detection of aluminum using the handhHlidon XL3t970XRF Analyzermachine would not be

as accurate as compared to t heacemparisonofthary ARL
two measurement methods was performed for solid samples. The reduced accuracy of
measurement of aluminum in the handheld setup wasodgayshaving to pass back through

two layers of polypropylene for detectiorhecomparisorof measurement techniguesas

conductedo determine reasonability of the measurements for the powder sasubdsonally,

a Leco OH836 Elemental Analyzer was useddtermine the percentages of oxygen and

hydrogen in samples. Measurements on two samples were averaged together.

Vernier calipersvere used to measure changes in sample dimensions through a before
and after treatment compariséiar each sample, dimensioeritical to the fatigue testing were
measured a minimum tfireetimes and the results were averaged together. Mass changes
related to treatment were measured usif@ HA US Ad v e nt u baancEfteAdRyY 1 4 0
HIP treatment so as to isolate changes tiegufrom surface treatmerfix standard Knoop
microhardness measurements were collected per sample using $€300on a Leco MO0
Hardness Tester. After data collection, these measurements were averaged together for final
reporting. A Quantachromedtruments Ultrapyc 1200e gas pychometer, equipped with a 1.8 cc
meso cell, was used to collect density measurements of the samples. These measurements were

repeatedhreetimes per sample and averaged together.

After fatigue failure, fracture surfaces wenealyzed 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 occurre@€areful attention was given to not damage the fracture surface

during manual fracire completion as well as transport to the SEM for imaghaglitional
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statistical analysisf roughness, hardness, and density measurenvastperformed using

JMP® Pro 14.0.Gsoftwareofferedby SAS Institute Inc[144].

4.3.2Results

4.3.2.1Powder Feedstock

Predominately spherical powder morphology was observed in the starting material for
sample fabricatiorSimilar evidencesf plasma atomizatioto that described in Secti@gn2.2.1
for the pilot study werseenRepresentative powdesed to fabricate samplesshownin
Figure4.20. Prior to the first buildihie PSD of this material was foundfiiowithin the standard
specifications for EBM powder with a distributioh%0.1698.64' m [D10-D90] by volume
(40.5675.89° m [D10-D90] by number). After the builds tHeSD was shown to be 48:838.47

“m [D10-D90] by volume (38.874.19° m [D10-D90] by number).

il ( ’

SEl 20kV WD12mmSS60
NCSU MSE JEOL JSM-6010LA

Figure4.20: Powderused forsamplefabricationobjective #1final experiment

4.3.2.2Hot Isostatic Pressing

Comparison of sample cross sections revealethis scalgthat those samples subjected
to HIP treatment (HIFC ontrol) had fewer number of observable defects than their counterparts

whichremained in the aluilt condition (Control) This comparison can be seerFigure4.21.
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Not all voids and defects seemed to be closed/healed during the HIP process, however the

decrease in population was favotedocus on surfaces as opposed to internal defects.

Porosity
Defects

Layer
Defects

Build Direction

Before HIP After HIP

Figure4.21: Comparison oflefectsbefore andifter HIP (Red ellipses encompass porosity
defects and blue rectangles encompass layer defects)
Compared to abuilt samples, noted discoloration of samples occurred dthiaglIP
process, as shown Figure4.22. This oxidation of samples was related to a leak of the argon
gas environment from within the HIP chamber resulting in higikggen 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 crueibloser to the center of the chamber looked similar to
sample C irFigure4.22, while those in crucibles nearer the edge of the HIP chamber were more

heavily discolored like samples D and Hrigure4.22.
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Figure4.22: Variation ofoxidation onsamples (a) Asuilt sample, (be) Samples after HIP
Elemental analysis of theample surface on melted and partially melted regions, seen in

Figure4.23, was performedbr asbuilt samples as well as those that were subjected to HIP
treatment The composition readings listedTiable4.4 indicate thano obvious trends in
concentrabn of elements could be seen to relate to the location of where EDS was performed.
For some of the elements tlmits of detectiorwere not reached, therefore accurate
determination of elemental data was not poss#diglitionally, because of its elemeihtaass,
the accuracy of oxygen readings may not be truly representative of oxygen content in the sample.
From the datat was seen that there were consistent readings which could support the hypothesis

that the oxidation on the sample surface wataium-basedxide.

Electron Image 5

) )

b}

Figure4.23: EDS locations oroxidized surface after HIP (Spectrum 8area inmeltedsurface

(aka melt), Spectrun® =area onpartially meltedpowderparticle (aka particle)).



Table4.4: Compositionreadings fronsurface EDSmeasurements

Sample (EDS) Ti
(wt. %)
ControkMelt 76.6
(B12-2)
ControtParticle 71.8
(B12-2)
HIP-Melt 66.2
(B03-3)
HIP-Particle 67.0
(B03-3)
HIP-Melt 71.3
(A13-2-MID)
HIP-Particle 69.3
(A13-2-MID)
HIP-Melt 75.0
(A13-2-END)
HIP-Particle 70.7
(A13-2-END)

Oxidation formation or thickeningn the samplewas determined througtomparison of
TEM images of samples before and after HIP treatnfegtire4.24 shows the TEM images
used as part of this comparison. In all images, the samples eméedrwith the interior of the

sample at the bottom of the image and the surface of the sample at the top. Regions of blue and

i A AV

(@) (wt.%) (0) (wt. %)
03 40 0 35
03 42 00 32
03 34 00 23
03 38 00 25
03 36 00 26
03 41 00 25
03 21 00 28
03 37 00 25

0.0

0.0

0.0

0.1

0.0

o)
(Wt. %)
2.8
2.5
9.2
7.5
11.5
12.6
4.1

4.3

0
(@)
0.2
0.2
0.2
0.2
0.2
0.2
0.2

0.2

green indicate oxygen and titanium present in the sample, respectively. Black regions indicate

space above the sample. The lastge in the flowchart ikigure4.18 can be used as reference

for orientat.

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 Isestrbm the image

labeled as HIFControl (B033) in the upper right corner &igure4.24. This layeris believed to

be the oxide layer that resulted in the discoloratf samples. The thickness of this layer was
found to beapproximately 5 nm thick for Control samples rsubjected to HIP and

approximately 50 nm thick after HIP treatment of samptesn the EDS and TEM results,

described previously, as well as anays the titaniurmoxygen phase diagram shownFigure
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4.25 presented by145] and developed bji46], [147] the composition of the oxide layer is

likely to be titaniumoxide.

o [ Control (B12-2) |™°® HIP-Control (B03-3)

B © B 41P-Control (A13-2)

Figure4.24: TEM crosssections obxide layer onsamplesurfaces (All scale bars 50 nm)

Composition: TiO Search for a composition or region
AH =-2,743 eV/atom - e
. AZO3
Stable phase: TiO LiFsc2
Cu2Mnal

Expt AH = -2.797 eV/atom ke

This composition appaars in the O-Ti regeon of phase space Ir's relative stabdity s shown in the O-Ti phase diagram (left). The

relatve stability of ail other phases at this composibion e combination of other stable phases, if no compound at this.

composition is stable} is shown in the relative stabiily plot (night)
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Figure4.25: Titaniumoxygenphasediagram(Referenced fronil45]).
4.3.2.3Surface Roughness

Characterization of treated surfasessdone using SEM anldser scanning confocal
microscopy. A collection of thEEM imagegathered for analysisan be seen iRigure4.26. As
compared to thellP-Control surfacén Figure4.26a, the surface treatments have drastically
different appearances. Evidence of the compaction of surfatielgmfrom the HIPRASP

treatment can be seenkigure4.26c¢. 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 surce patrticles from the metal AM surface s#iti be observed ifigure4.26b, smoothing

of these particleBom the HIRElectro treatmenis clearly evident. The surfadn Figure4.26e

exhibits remnants of the abrasive and etching steps in the ISF pieigese4.26d however,

shows the most drastic surface changes from Hiridtssurface, seen iRigure4.26a, as no

features from the AM process surface remain after the machining operatioBB.SXtetector
incorporated into the SEM was used to deterrthia¢ nolarge amounts afesidual materials

from surface treatments were present in the $fakbes.

Figure4.26. SEM surface comparison (a) Aslilt HIP-Control (b) HIP-Electro; (c) HIP-
RASP, (d) HIP-Mach; (e) HIRISF.
Examples of the leveled surface maps collected for surface roughness measurements and
locations of measurement locations are seéfigare4.27. In Figure4.27, theupper image$a)
for each treatment (HHEontrol and HIPElectro)indicate where each measurement is taken on
the surface. The lower imag@y in the pairs of images pgeatment show leveled and

normalized height maps of the surface with warmer cofexds(orangesetc.) indicating peaks
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in the surface and cooler colofdues,greensetc.) indicating valleys. Here a reduction of peaks

and valleys can be seen in theface that has been subjected to surface treatment.

2000um

HIP-Control

Area8

2000um

HIP-Electro

Figure4.27. Example srfaceroughnessnaps
Analysis of the stching effects from generating thex2 stitched map of the individual
surfacess presented ifrigure4.28. In Figure4.28, average Sa values, for a minimunttokee
samples per group, are reported for each area with Avg\8aEa8 corresponding to Arda
Area8 represented iRigure4.27, respectivelyThis comparison ifrigure4.28 showed a lack of
statistical significance between measurements takemgthe whole aregAvg Sal) and other
areas inside individual images (Avg $a2g Sa8) for each treatment. Therefore, measurements

that followed were averages of the eight areas together.



Keyence Surface Roughness (Sa)

70

60

5

$a (um)
Q (=] (=]

(=]

Control

T
1T

HI
Treatment Type

i

Electrochem

Figure4.28: Stitchingeffect comparison

mAvgSal
m Avg Saz

AvgSa3

Avg Sad
B Avg Sa5
B Avg Sab
W AvgSa7

m Avg Sa8

Thesurface roughnegssults from the averaged measurem@it24, eight

measurements per sample for three samfii@s) the stitched images can be seefable4.5.

From theJMP® Pro 14.0.0144] analyses, thdata was found to violate assumptions for

normality and homogeneity of variance (results shown in AppendiXi#grefore,

nonparametriaVilcoxonKruskaltWallist e st s a

nd Dunnds post

alpha level of 0.05 to determine significance of treatment effect on the depsadaoé

roughness variable

Table4.5: Surfaceroughnessummary

(N =24) Sag = ﬁ)
Control 43.42 +9.28
HIP-Control 42.90 £ 5.55
HIP-Electro. 17.17 +4.35
HIP-ISF 7.39 £ 3.28
HIP -Mach. 2.13+0.46
HIP-RASP 12.78 £ 2.60

Sz € £ 10)
328.28 * 109.25
313.62 * 53.83
153.06 + 44.90
69.78 + 21.68
47.23 + 25.41
100.44 + 29.45

Ssk € +0)
-0.15 + 0.22
-0.17 + 0.24
-0.21+0.36
-0.48 + 0.93
0.18 + 0.60
-0.10 + 0.49

Sku (g = 0)
2.37+0.21
2.55 +0.37
3.11+0.78
455+ 1.45
14.34 + 16.74
2.86 + 0.58

87

hoc

Statistical significancevas found in the-Way ChiSquarépproximation with p-values

<0.0001 for the arithmetical mean height (Sa), maximum height (Sz)kartdsis (Sku). No

significance was found for skewness (SsW)ichis indicatedby a pvalue of 0.0632The one

t

€ S
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way analyses by treatment are showkigure4.29. Table4.6showst he nonpar ametri c
posthoc comparison for Sa, Sz, Ssk, and Sku values with titeotbeing the Control treatment
groupNone of the Dunnés tests revealed s-tatisti
Control groups. No significance was shown between any of the groups fdroBskver

significance was shown for all other pardens for each surface treatment as compared to the

Control group.

60 A 700 r
600
50 i
. —:t— —f— 500
0 . :
—_ . _ .
g : ] £ 400 .
2 30 E) _,,iﬁ,_ *
o . o —— _
& . A apn -
20 i H .
—:::j:tji::— ‘I 200 ! - '
10 _1:_ H 100 I | i —:F——
e ' —
0 Control  HIP-Control HIP-Electro  HIP-ISF HIP-Mach  HIP-RASP 0 Control  HIP-Control  HIP-Electro HIP-ISF HIP-Mach  HIP-RASP
Treatment Treatment
2
¢ 50 .
s
40
3
30 s
20 .
10 —
_ I .
e e
Control HIP-Control  HIP-Electro  HIP-ISF | HIP-Mach = HIP-RASP 0 Control 'HIP-Control ' Hip-Electro | HIP-ISF ' HIP-Mach ' HIP-RASP
Treatment Treatment

Figure4.29: Oneway analysisby treatmentesults(Saanalysis inupperleft; Szanalysis in

upperright; Sskanalysis inlowerleft; Skuanalysis inlowerright).
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Table4.6: D u n mpasthoctestresults

Control group (i.e. 0dLevel) = Control treatment
Sa (1 m)
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 (1 m)
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 33.125000 12.04157| 2.750887| 0.0297%
HIP-Control |Control 1429167 12.04157] 1.186861] 1.0000

4.3.2.4XRF and Leco

Chemical analysis of theamples are reported Trable4.7, Table4.8, andTable4.9. A
comparison, using the two different measurement methods (handheld XRF and stationary XRF)
on the same solid samplé&xaple4.8), showed that there was a difference between the two
methodsThe measurements taken tie samé=BM Controlsamplesising the two different
methodgqTable4.8) indicaked that there was over a 38% difference betvieermeasured

aluminum content and&6 and 13% difference faranadium and iron, respective§ecause of
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this, it is appropriate to assess the relationship between the measurements using the same

method, butomparing between methods is not.

To determine the ability of the handheld unit to detect the correct percentage of
aluminum contentmeasurements were taken on the certified calibration sample used to calibrate
the stationary XRF unit. For this certifiealibration sample differences of over a 24%, 10%,
and 19% in aluminum, vanadium, and iron were observed between the handheld XRF data and
the certification reportrespectively Table4.8). 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 uasdhe 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 XRRable4.7). No significant differences were observed for this
comparison. The LECO resultsTiable4.9 shows thathe 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
transbrmed into a solid samples through a comparison of the chemistry of the solid sample
collected using the stationary XRFable4.8) to the certification that was providdor the
powder feedstock by the powder supplial§le4.7). The aluminumosswas found to be over
13%, meaning the composition is closer tebAil-4V than Tt6AIl-4V. Comparing the handheld
XRF data for the powder samples to the solid sangdsesindicated an evaporation of

aluminum
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Table4.7: Powderchemicalanalysisresultsfor Al, V, and Fe

Ti Balance Balance - -

Al 5.506.75 6.45 4.32+0.38 4.22 +£0.37
\Y 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

Table4.8: Solid samplechemicalanalysisresults for Al, V, and Fe

Ti Balance - - - -

Al 5.506.75 6.455 5.03+0.41 3.83+x0.36 5.64+0.12
\ 3.504.50 3.84 427+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

Table4.9: Chemicalanalysisresults for O and H

O <020 014  1267.000.1%) 1386.5(0.138)
H <0015 0.002  31.2(0.003) 39.0(0.003)

4.3.2.5Dimension and Mass

Average values for théimensiongritical to thefatigueconfiguration seen inTable4.10
andTable4.11, were observed to vary based on the applied surface treatmgeneral, the
surface tratments removed material fairly uniformly, however more material was removed on
the 76.2 x 12.7 mm facdisan the 76.2 x 3.3 mm facks the HIRMach. groupshown in
Figure4.30. The changes in mass after pbsild treatments are presentedliable4.12. HIP-

RASP samples were seen to exhibit the least chartgdess than 2% difference after treatment
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while HIP-Mach. samples had over a 32% difference in average mass after tredtmeent.

further demonstrates the uniqueness of each treatment and its effect on the final sample.

Figure4.30: Dimensionedatiguesample

Table4.10: Dimensionawidth changes

Control  3.612(00.142) - - 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)

Table4.11: Dimensionakhicknesschanges

Control ~ 13.017(051 - - 017(0.512

HIP -Control 13.035(0.513 - -

HIP -Electro. 13.031(0.513 12.460(0.49) 0.571(0.022
HIP-ISF 12.973(0.51) 12.101(0.479 0.871(0.039
HIP -Mach. 12.965(0.510 11.484(0.452  1.481(0.058
HIP -RASP 13.017(0.512 12.845(0.509 0.166(0.007

Table4.12: Mass tanges

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



4.3.2.6Hardness and Density

Results from the Knoop microhardness testsoutlined infable4.13. The

Wilcoxon/KruskatWa | | i s

effect of surface treatment on microhardness. These testsselected after the microhardness

tests

and

Dunnos

post
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hoc

test

data was observed to violate assumptions of normality and homogeneity of variance (results in

Appendix A). Results from this analis (Figure4.31) indicatestatistical significance was found

only between the Control and the HG®ntrol groupsvith a pvalue of 0.0002.

280

360

340

320

Hardness {HK)

300

280

Table4.13: Knoopmicrohardnessesults

(N =18)
Control

HIP -Control
HIP -Electro.

HIP-ISF

HIP -Mach.
HIP -RASP

Hardness (HK) (g + ()

344.17 + 7.64
313.66 + 10.96
347.21 +7.30
347.64 +17.89
348.13 + 7.80
336.44 +19.34

< Wilcoxon / Kruskal-Wallis Tests (Rank Sums)

Level
Control

HIP-ISF
HIP-Mach
HIP-RASP

Centrol

HIP-Control  HIP-Electro

HIP-ISF

Treatment

HIP-Mach

:

1
i
L]

ChiSquare
41.5735

Count

HIP-Control 18
HIP-Electro 18

18

Score Sum
102100
254,000
118300
126600
125200
910.000

5

. Control Group = Control

Level
HIP-ISF
HIP-Mach

HIP-RASP
HIP-RASP

- Level
Control
Control

HIP-Electre Control

Control

HIP-Centrol Control

Score Mean
Difference
13.5556
127778
5.0444
-6.1111
-42,5356

Expected

Score Score Mean (Mean-Mean0)/Std0

981.000
981.000
981.000
981.000
981.000
981.000

Std Err Dif
10.41564
10.41564
10.41564
10.41564
10.41564

56,7222
1411
65.7222
70.3333
69.5556
50.5556

41-Way Test, ChiSquare Approximation
DF Prob>ChiSq

< Nonparametric Comparisens With Control
Using Dunn Method For Joint Ranking

z
1.30146
1.22679
0.85875

-0.58672
-4.08574

p-Value
0.9635
1.0000
1.0000
1.0000

Figure4.31: Oneway analysis bytreatmentesults for Knoopnicrohardness (HKYGraph of

data withmeandiamondg(left); Testresults(right)).

Table4.14 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

C

-



the normality andhomogeneity of variance assumptions for-wragy ANOVA, therefore the

Wilcoxon/KruskatWa |

|l i s tests and Dunnos

p a Bigured3a c
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test

presets theresults from the statistical testrédveals a general increase in the density of samples

after the HIP treatment and statistical signifance between the Control group and-RASHP

HIP-Mach., and HIFControl groupswith p-values of <0.001, 0.d0 0.0032, respectively.

Table4.14: Gaspychometrydensityresults

Expected

Score Score Mean (Mean-Mean0)/Std0

247.500
247.500
247500
247.500
247500

811
33.5556
18.1667
21.2222
30.5000

(N=9) Density (g/cc) € + Q)

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

A Wilcoxon / Kruskal-Wallis Tests (Rank Sums)

4.49 . Level Count Score Sum
a8 . . oo
447 B .
445 . e

e
.
v

B
.
fr}

ChiSquare DF Prob>ChiS
35,2853 5 000

Density (g/cc) - Trimmed
b
£

foy -
P
= BB

Control Group = Control

Score Mean
Level - Level Difference
HIP-RASP  Control 36.22222
HIP-Mach  Control 31.27778

Control  HIP-Control ' HIP-Electro © HIP-ISF HIP-Mach ~ HIP-RASP HIP-Contral Control 2533333

Treatment - Trimmed

HIP-ISF Control 13.00000
HIP-Electro  Control 0.04444

247.500

q

Std Err Dif
7.415774
7.415774
7.415774
7.415774
7.415774

44,4444

4 1-Way Test, ChiSquare Approximation

= £ Nonparametric Comparisons With Control
Using Dunn Method For Joint Ranking

Z p-Value
4.884483 <.0001*
4217736 0.000

3416141 0.0032"
1.753020 0.3980
1.340985 0.8996

-4.039

1.253

-1.038
-1.300

2.495
3.528

Figure4.32: Oneway analysis bytreatmentesults fordensity (g/cc) (Graph afata withmean

4.3.2.7Fatigue Behavior

Examination of théatiguetest resultsKigure4.33) showthat all surface treatments were

able to improve the fatigue performance of the EBM sampiegeneral, those treatments that

diamondg(left); Testresults(right)).

were observed to have greater improvement on surface rougBeetisii4.3.2.3) tendedo

C

-
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exhibitlonger fatigue lives. The hardened surface layer from the compaction with tHeABP

treatment also yielded improved performarteias also observed frofigure4.33that some

of the surface treatmenit&d an impact on the variance of the final fatigue performance, in most

cases increasing the variabilifys several HIFSF and HIPMach. samples withstoodare 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.

1000

700

Stress {MPa)

500

Surface vs Fatigue Study

e iem0e | @

Contra

HIP-Mach.

HIP-RASP
HP-I5F

viene e8'.®

HP-Control

[ ]
A
@ HP-Hectro.
[ ]
*

...... Log. (HIP-Hectro.)

...... Log. (HIP-Mach.)

...... Log. [HIP-RASP)
Log. (HIP-ISF)

= BestFit

HIP-Control:

R? = 0.8155
Control:

o o dmein ieae . .o'i,_oo

[ g R? = 0.834
HIP-Electro.:

R?=0.841
HIP-Mach.:

e digsiaseseies

¢ O"® N> | Rr-0es39

HIP-RASP:

R?=0.9334
HIP-ISF:

1,000 10,000 100,000

# Cycles to Failure

1,000,000

R*=0.5336

y=-137.6In(x) +1942.5

y=-134.1In(x) + 1957

y=-159.8In(x) +2335.5

y = -64.65In(x) + 1582.2

y=-112.5In(x) +2054.5

y =-46.93In(x) + 1327.3

Figure4.33: Fatigue esults forunderstandingffect of surfacetreatments

To assess statistical significance of the effects of surface treatment on fatigue

performance, Wilcoxon/KruskaWa | | i s t est s

and

Dunnos

post

Following recommendatiafrom[148], normality and homogeneity of variance were tested for

and the fatigue data was foundviolate these assumptions for parametric ANOVA tests (See
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Appendix A), therefore an appropriate nonparametric method was sele@eade4.34 shows
the resultgrom the statistical testing. Aone detailed presentation thie results can be found in
Appendix A Theresults indicatestatistical significance between H®bntrol and HIPRASP at
490 MPa, 593 MPa, and 708Pa, with pvalues of 0.0011, 0.0018nd0.0078, respectaly.

The HIRRASP treatrant was observed to be significant, with-eghue of 0.0194, when
compared to Control samples also at 593 MR&03 MPa, significance was noted between
HIP-Control and HIPMach. groups (fvalue = 0.0003), HControl and HIPISF groups (p
value = 0.001), Control and HIFASF groups (pralue = 0.0052), and HIFESF and HIPElectro.
groups (pvalue = 0.0264). Significance was also observed betweerMdth. andHIP-ISF at

814 MPa and 917 MPa withyalues of 0.0141 and 0.0135, respectively.

2 000000 703 MPa o .
1,500,000
[ —_—y
E
&
£ 1,000,000 ~ 7 N7
3 .
g —
A A
500,000 A, _ =N
. S N .
; . s 4
- el -

Control  HIP-Control HIP-Electro. HIP-ISF HIP-Mach. = HIP-RASP

Treatment

490 MPa W 1 593 MPa
o 150000 o . o 150000
. 3
— 0,000
1,000,000 -
& - 5 - .
100,000 hd 2
— — —_———
- I - - =
g @ & § = a
g H $ I
reatment
200,000 140,000
814 MPa ww| 917 MPa
150000 - 100,000 -
2 — — - 3 =N
K -t = 3 80,000 .
o1 °
3 0 ) B . 2 s
& " FASSRNE: o . AN
0,000 - 400004 LN
=t < S
.

S 20,000

HIP-ISF HIP-Mach. HIP-RASP HIP-ISF HIP-Mach. HIP-RASP

Treatment Treatment

Figure4.34: Oneway analysis bytreatmentesults forfour-pointfatiguetesting
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The relationshifpetween the number of withstood fatigue cycles and the Sa and Sz
surface roughness values was assessed for each stressiiigi¢ewreld.35 andFigure4.36). As
resources limited the collection of surface roughness measurements for every fatigue sesmple, t
was done byalculating the average number of cycles at each stressindgdeeach surface
treatment and then plotting that against the average Sa or Sz calculated for each surface
treatmentStrong relationships were observed between roughness and fatigue cycles at each of
the stress levels as the coefficients of determingf8) are large for at the majority of the stress

levels.

Avg. Fatigue Cycles vs Avg. Sa
50 Control
HIP-Control
HIP-Electro
HIP-ISF

HIP-Mach

a5

+
L 2
o>+ o

35

HIP-RASP
490 MPa
593 MPa
703 MPa

Avg Sa (pm)
[\ [}
W S
[ ]

[
(=]

814 MPa
A ® 917 MPa

T Log. (490 MPa) R? = 0.8312

. ) Log. (593 MPa) R? = 0.8340

. P Log. (703 MPa) R? = 0.8338

5 Log. (814 MPa) R? = 0.3503

- TS Log. (917 MPa)R* = 0.7723

=
w

=
[=]

1000 10000 100000 1000000
Avg Fatigue Cycles

Figure4.35: Correlation of average fatigue cycles versus average Sa.
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Avg. Fatigue Cycles vs Avg. Sz

350 4 Control
+ * + HIP-Control
300 - A HIP-Electro
® HIP-ISF
250 = HIP-Mach
B HIP-RASP
= 200 ® 490 MPa
a 593 MPa
'g hi 703 MPa
K 150 814 MPa
] ® 917 MPa
100 ] ‘I ------ Log. {490 MPa)R? = 0.8604
'."--.___. . Log. (593 MPa)R?>=0.8484
%0 o N Log. (703 MPa)R>=0.8443
Log. {814 MPa)R? = 0.2750
o L e Log. {917 MPa)R?=0.7007
1000 10000 100000 1000000
Avg Fatigue Cylces

Figure4.36: Correlation of average fatigue cycles versus average Sz.

From a random sampling of fractured specimens, all were observed to fail due to surface
imperfectiondike thoseshown inFigure4.37. Typical features of failure were noted, including
crack propagations with fatigue striatigifsgure4.38) andfast fractura@ndicated byChevron
marks anddimple ruptureln generalit was found thatemaining \alleysof the AM surfacenot
fully eliminated with the peening operatiomere aprimary failure initiation site for HIFRASP
samplesSurface dimples resulting from the HErectro and HIAISF treatments wergeserto
lead to failure. The machining process resulted in surface scratdtiel in turn led to the
nucleation of cracks and ultimate failufedditionally, the presence of falwation defects (pores

and layer defects) were observed in the final fracture surfaCerafol sanples(Figure4.39).



Figure4.37: Representativeracturesurfaces (Blue arrowsindicatebuild direction).



100

SElI 20kV WD10mmSS60 x250 100um
NCSU MSE JEOL JSM-6010LA

SEl 20kV WD10mmSS60 x100 100um =
NCSU MSE JEOL JSM-6010LA

Figure4.39: Fabricationdefects orcontrol samplefracturesurface

4.3.3Discussion and Conclusions

The aim of this research was to develop an initial understanding of the effects of surface
treatment on the foypoint fatigue behavioof EBM Ti-6Al-4V. The previous sections outlined
the methods and results from the experimental work conducted to atttigeubjective 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 treateshto a number of

observationsThe XRFresults presented in Sectibimdicated that a comparison of
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measurements using both the handheld XRF and stationary XRF is not appropriate, but that
relationships an be observed within each methédditionally, the final composition should be
measured using the stationary XRF unit. In these resutégjuction in aluminum content in the
samples after the fabrication processs observedlhe evaporation of the lemelting point
elements in the EBM environment have been noted to change the composition of the final part
composition149]. This affecs what theoreticatomposition values should be used in
comparisorof additional measurements, suchdassity and microhardnesss the composition

for the samples is an aluminum depletedAl-4V closer to Ti5AI-4V.

The HIP proceseesulted in ditaniumoxide layer on the samples surface. Because this
oxide was strongly bonded to the surfateould na be removed from the samples without also
in-turn damaging the dsuilt condition of the surface. Therefomren though it was
hypothesized that this oxide could affect the fatigue restitss decided thaireservation of
the asbuilt quality of the surface was of utmost importance. The composition and thickness of
this oxide layer was determined by TEMaasurate readings would not have been attainable
from using EDS alone due to thmughness of the surface and thin nature of the oxide lalger. T
HIP process also likely affected the microhardmvegdls a significant difference found between
the Controland HIfConto | gr ou ps . A bbsdawedungthe othehtreatment groupg,
it is believed that a relaxation of internal stresses orahéam selection of samples for
comparison is the causgampling from the ends of random samples across the builds could have
inadvertently resulted in sampliageas of differing hardness thougtmne observed differences
in density are also likely related the HIP process. Thecreasan density from the Control

A

samplesibel i eved to be |Iinked .to the O6healingb

of
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As previously mentioned, thatigue performance presented in Sectidh2.7indicates
that the surface treatments employed were able to improve the fatigdaltiigonally, it was
observed thathe specimens in the Hi@ontrol groupdid not withstand as many cycles as their
Control group counterparti.was hypothesized that the texdion of population and size of
internal defects in the HiEontrol groupwould have resulted in higher cycle adg however it
is believed that thexidation layer impacted the final results. It is believed that the brittle oxide
on the HIRControl specimens failed early during the fatigue experiments and acted as a means
for cracks to easily propagate through the rest of the sample thus leadingabupecfailure. As
the subsequent surface treatments effectively altered the surface and/or removed the oxide layer

the effectof the oxide were less prevalent or even-eaistent.
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CHAPTER 51 Effect of Build Orientation on Four-Point Fatigue Performance

5.1Introdu ction

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 orienta8i$0],
[67], [69], [72], [73] The selection of build orientation affects the design of support structures
and overalimanufacturability ofndividual part features, but also the microstructure and
directonality of the grains in the AM paf21]i [23], [26], [28], [54], [83], [85] [87], [99], [101],
[103]i [106], [108], [114} [116]. While scholars have identified the significance of AM build
orientation on mechanical behavithre survey of literaturtocused on flexure fatigue
performanceresented ICHAPTER 2 revealedhatthe effects of build orientatiowere yet to
be quantified. Understanding how fatigue behavior is affected by build orientatiatical to
the effectivedesign and fabrication of reliable componefitserefore, he goal of this chapter is
to address the objectives and tasks outlined in Se@tiband to complement the experimental
work completed ilCHAPTER 4 which aimed to quantify the effects of surface treatments on
the fourpoint flexure fatigue of EBM TFBAI-4V. The experimental approach in this study is
presented irsection5.2 and the results and conclusions of this work is offeregeatiors 5.3

and5.4.

5.2 Materials and Methods

5.2.1Sample Fabrication

For this study an experimental setup similar ®study described previously in Section

4.3.1was utilized, however the difference was that the sample orientation was not uniform
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throughout testing.ike experimets outlined iInCHAPTER 4 samplesvere fabricated from

standard 48.05 um plasma atomized Arcam-8Al-4V powder with standard 36AI-4V build
themes (software versi 5.0.64) using an Arcam Q10plus machikalowing the sample
geometry outlined in Sectioh3.1, samples were based on the fpoint flexure test
configuration from ASTM C1161.3 with 6.35 mm nominal bearing diametgr89] and a
length of 76.20 mm (3 inchlrigure4.14 shows this sample geometiihe largst 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 experimeRior simplicityof reporting XZY C+45
were referred to as angled horizontal (AH) samples, ZX¥%as vertical (V) samples, and
ZXY A+45C+45 as tilted (T) samplesll samples were manufactured in a single build, as
shown inFigureb.1, to eliminate between builhriations and isolate the effects of build
orientation.Support structures highlighted kigure5.1 (b) and (c), follow the same design

approach as listed in SectidrB8.1.2.

Figureb.1: Final samplelayout forexperiment #2 (a) Buildlayoutorientationeffect study; (b)
Supportstructures forAH (XZY C+45) andT (ZXY A+45C+45 samples andavitnesscylinders

(c) Supportstructures forV (ZXY C+45) samples anavitnesscylinders



105

Samples were prepared for testing with manual support removal followed by HIP. The
HIP parameters used are presented in Sedt@i.3. The selection of pogiuild surface
treatment for all samples in this study was based on the guinjgcted to HIRhat indicated
lowest variance in the number of cycles to failure. Of the samples that were subjected to HIP in
the experiment outlined in Sectidi3, this lowest variance group was the HIBntrol group so

no postbuild surface treatment was performed.

5.2.2Mechanical Testing

Force controlled foupoint flexure fatigue tests werermucted following a similar
approach as that outlined in Sect#.1.1. The applied loads were calculated basedhe YS
determined by the staticpbint flexuretests from Sectiod.3.1.1. A run-out value of two
million cycles was also established to stop the tests if reathedapplied testing loads were

calculated as 55%nd 65% of YS (593 M&and 703 MPa, respectively).

5.2.3Characterization

Characterization of samples for this stwdys approached similar to that presented in
CHAPTER 4 Surface roughness was assessed using a Keyendd B0 Series 3D Laser
Scanning Confocal Microscopehich was used to generate aifdage 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 quated foreach sampleEight distributed sampling
areas in the stitched image were used to determine representative values for the various surface

roughness parameteiie sampling locations used are illustrate&igure 5.2. Sampling areas
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(Area2-8) were selected such that the 1000 by 1000 m areas would be within individual

stitch images so that overlapping/stitched regions were excluded from the area.

Figure 5.2: Samping locations forsurfaceroughnessneasurement (Aread entire sample area)
Specimenmass was characterized usmg@HAUS Adventurer E AR2140

Specimerdimensions were determined by averaging together three individual measurements

collected using Vernier calipersf the same dimensioA scanning electron microscope (SEM)

was usedo characterize surface conditions and source of fatigue faiswally. If complete

sample fracture did not occur durifagigue 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 [hd4].
5.3Results
5.3.1Samplelnspection

Average inspection values for fatigue critical dimensions and mass ofygectf
sampleorientation are outlinesh Table5.1. Representation of how width and height are defined
can be seen iRigure4.30. In width, T samples werexhibited approximately 3% difference
between other treatment groups while the comparison between AH and V ssinaplesl only a
0.18% difference. For average height values, V and T samples were more similar with a 0.46%
difference while comparing theseeaages to AH samples there was a 2.88% and 3.33%

difference between V and T samples, respectiv@ymnparing 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\wto T samples showed a 5.21% differendhile 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 grehiteensional deviation from the intended model geometry
ard overall less mass th#&H and V samplesAdditionally, T samples were found to exhibit
rounding of seHsupported downward facing edges.

Table5.1: Sanple inspectiorresults

Orientation Count Avg. Width  Avg. Height Avg. Weight
(mm) (mm) (9)
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

5.3.2Surface Roughness

Differences in surface characteristics of the various build orientations can be seen in the
collection of SEM images presentedHigure5.3. For imagingsamples wereregénted such that
the long edge of the final geometry (76.20 mm) was parallel with the top of the SEM sampling
area. For this reaspthe build direction varies with respect to the final SEM image. The layering
effect of the AM process is clearly evidentdll 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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Figure5.3: Surfacecomparison oflifferent build orientations (Orangerrowsindicatebuild
direction).
Averaged surface roughness measurements from the stitched images can b&agen in
5.2. A total of 32 measurements (eight measurements per sample for four samples) were
averaged together from the stitched images. Results frodMR® Pro 14.0.0144] analyses,
shown inAppendix B indicate that normality and homogeneity of variance assumptions for this
data were viatedfor all roughness measurements except the Ssk parametensure
consistent testing of all roughness parametggsificance of build orientation effect on surface
roughness was determined using a nonparametric Wilcoxon/Ks\&kidik tests and Dun 6 s
post hoc tests using an alpha level of 0.05.

Table5.2: Surfaceroughnessummary fororientationstudy.

(N =32) Saem Szem Ssk € £0) SkuE £0)
(e £0) (e £0)

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

Y% 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 usiépihe 1

ChiSquare Approximation method described in Secti@®2.3. Significance was found for Sa,
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Sz, and Sku with4values of <0.0001, <0.0001, and 0.0097, respectively. No significance was

found for Ssk as the-yalue was 0.347%igure5.4 shows the results of the omay analyses
conducted for each of the roughness parametersiebéis of thdd u nsmasthoc

nonparametric comparison with usingiAamples as theoatrol group are shown ifiable5.3.

AH samples were selected as the control as it would provide more direct comparison to data
presented ICHAPTER 4 Statistical significance was shown betweéth @&d V samples for the
Sa and Sz parameters. The comparison betweean T samples indicated statistical

significance for Sa and Skamameters. No significance was observed betwseontro] AH

orientation anetithertheV or T orientatiors for Ssk.
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Figure5.4: Oneway JMPanalysis byorientationresults(Sa analysis inupperleft; Szanalysis in

upperright; Sskanalysis inlowerleft; Skuanalysis inlowerright).



Table5.3: D u n mpasthoctestresults

(Control Group (i.e. dLevel) = AH Build Orientation)
Sa (1 m)
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 (1 m)
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

5.3.3Fatigue Behavior

Results of the fatigue testingigure5.5) indicate that build direction impacts the fatigue
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performance as samples fell into groups basefdbrication orientation. In general, V samples

did not withstand the same number of cyckesheir T or AH counterparts, but because the data

overlaps one another further visual analysis is diffic@dtmparing AH data to HHZontrol data

from CHAPTER 4 indicates that HIFControl samples had a better fatigue life.
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Orientation vs Fatigue Study
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Figureb.5: Fatigueresults forunderstandingffect of build orientation
Assessment of the statistical significance of build orientation was completed using
nonparametric Wilcoxon/KruskaWallistestsand D n n 6 s p o gatphalx 6.@5passes snt s
recommendations found [248]. This was performedfter the data was found to violate
homogeneity of variance assumptions. Results from normality and homogeneity of variance tests
can be found iMppendix B All statistical analysis was performed usiigP® Pro 14.0.0
[144]. From the nonparametric and ptsic test resultsSigure5.6 andFigure5.7), it is
observed thafabrication orientation was significant for both tested stress ldwdbsth cass,

thepvalues n t he Dunnds post hoc test for the comp
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and 0.0019, respectivelindicates the largest difference of means. The spread of the data is seen

to increase at lower stressing levels, thus followingeeted fatigue trends from literature.

20,000 v c
’ 4 Wilcoxon / Kruskal-Wallis Tests (Rank Sums)
18,000 = Bz
’ "—;_" Level Count ScoreSum Score Score Mean (Mean-Mean0)/Std0
= . AH-HIP 3 26.000  30.000 8.6667 -0.391
» 16,000 <~ T-HIP 8 124000 80000 155000 3.502
2 A . V-HIP 8 40,000 £0.000 5.0000 -3.262
S 14000 s . - ——
S Vo i £ 1-Way Test, ChiSquare Approximation
2 12,000 '\—,' — ChiSquare DF Prob>ChiSq
=4 g — 14,1263 2 0.0009*
10,000 - . —_——| 4 Nonparametric Comparisons For All Pairs
—— Using Dunn Method For Joint Ranking
8,000 - Score Mean
Level -level Difference Std Err Dif Z p-Value
.00 Hipp TP V-HIP T-HIP AH-HIP 66042 3.809710 173351 0.2490
V-HIP AH-HIP -3.4375  3.809710  -0.90230 1.0000
Treatment V-HIP T-HIP -10.3750  2.813657  -3.68737 (0.0007*

Figure5.6: Oneway analysis byorientationresults forfatiguebehavior at 593 MP&Graph of

data withmeandiamondg(left); Testresults(right)).

11,000 4 Wilcoxon / Kruskal-Wallis Tests (Rank Sums)
. Expected
10,000 Level Count ScoreSum Score Score Mean (Mean-Mean0)/5td0
9,000 AH-HIP 3 32.000 30.000 10.6667 0.168
‘ Y, T-HIP 8 118.000 50.000 14.7500 3.096
o |/
g s . V-HIP & 40000 80,000 5.0000 -3.262
8 . 4 1-Way Test, ChiSquare Approximation
a 7
; 7.000 == ChiSquare  DF Prob>Chisq
3z = 12,0579 2 0.0024*
S 6,000 T . ; .
5 000 4 Nonparametric Comparisons For All Pairs
! — Using Dunn Method For Joint Ranking
4,000 Score Mean
. Level -Llevel Difference Std Err Dif Z p-Value
3,000 AH-HP T-HIP V-HIP T-HIP AH-HIP 3.85117  3.809710 1.01167 0.9351
T V-HIP AH-HIP -5.43750  3.809710 -1.42727 0.4605
reatment V-HIP T-HIP 962500 2.813657 -342081 0.0019°

Figure5.7: Oneway 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 imiéiated from imperfections
at the sample surfa¢€igure5.8). FromFigure5.8, evidence of faster fracture wabservedor
V samples as compared to that of AH anseimplesThis 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 fabricatin (AM build direction) for AH and T samples. The results from the

SEM micrograph analysis aids to further supportféiigue results presentedkigure5.5.

Figure5.8: Representativéracturesurfaces Qrangeplaneindicatesorientation of SEMmage

with respect to AMbuild direction)

5.4Discussion and Conclusions

This chapter described a series of experim@mmuissed on understanding the impact of
build/fabrication orientation on the fopoint fatigue behavior of EBM T6Al-4V. Previous
sections discussed the experimental methodology and resthis work in the pursuit of
achieving this objective. The remaardbf this chapter will provide a discussion of the key

findings and outlinelirections for future work.
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Fabrication of samples resulted in observable variances im#naateristic surface
roughness&nd overall part qualitpetween the three distinct build orientatiohse lack of
support structures under the theoretically-salfporting edge of T samplessulted in rounding
of the downward facing edges. This rounding wdikiely explain the large discrepancy in
geometryas well as in overall final sample maaich are presented in Sectibr8.1. The
significance imroughness valugsom SectiorD also supports the impact of the layering process

on the samples.

As described previously, analysis of the fatigue performance presented in Bection
reveals that direction of sample fabrication (build orientation) does impact fatigue performance.
The fact that some sample orientations failed earlier than atherige attributetb the
difference inorientationof procesanduced fabrication defects within each sample. Changing
how samplesra oriented with respect to the layering process would mean that layer defects or
porosity from uneven powder spreading/melting of each layer are oriented differentlfionrela
to the final testing axis. This would help explain why V samples withstood the least number of
cycles out of the three orientatiol@mparison of the AH samples to similar samples from
CHAPTER d4indicatesa reduced fatigue performance for Amples. As the samples of similar
orientation were subjected to the same conditions after fabricatias expected that the data
would haveoverlapped more than it did. Mle there are differences in the number of withstood
cycles of HIRControl samples (590 MPa) = 17,534.17 cycles(590 MPa) = 5,466.14 cycles;

“ (703 MPa) = 9820.50 cycles(703 MPa) = 1,309.13 cycles) an AH sample®90 MPa) =
12,330.67 cycles, (590 MPa) = 1962.91 cycle's(703 MPa) = 8090.67 cycles(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. Adalittamises 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 f@GHAPTER 5were manufactured using feedstock that remained

after fabrication of samples for the studyGRIAPTER4. While the powder was sieved to

remove lager particlesutside of standard ranges before fabrication, the general feedstock
morphology and composition could have deviated slightly as a result of recycling during the
CHAPTER 4study. Further review of th¥ values inFigureb.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 7 Development ofProcess and Design Recommendations

6.1Introducti on

Effective selection of @rocessing sequenéar a components dependent on
understanding how intermediate forms and characteristics @éffedtimate functionality.
Knowing howelectron beam melting (EBMmponentsre affected byhe choice of bud
orientation and pogtuild treatments igital to product development decisiomduch work has
been aimed towards this goal, including the experimental work @a@PTER 4and
CHAPTER 5 however synthesis infaracticalreferences is imperatifer making the
information useful in practicé&fforts to outline existing challenges and criteria for process
selection can be found in the literat{t®0]i [153]; however incorporation of quantifiabiata is
limited. The purpose of this chapter is to demonstrate how the findingspirevious
experimental workan be utilized in the planning of a new product that will be built using metal
AM. The principle focuof this chapter will be osurface finishA simple partis used to
demonstrate theelection of preferredurface conditioning methamlt of thoseinvestigated
previously which could be used tachieve desiregartspecificationsThe chaptewill also
demonstratéow the production requirements/planning foreavrproduct are affected by altering
this singledesign requiremerity outlining the effects on the geometric form of the final product.

This chapter addresses objective 3 and the associated tasks outlined in&&ction

6.2 Considerations for Postbuild Treatment Selection

Postbuild treatment selection can be thought of as the selection of secondary processes
following the primary or base process. As discussed in SettioB, theseprocesses effectively

refine a parby altering its geometry, appearanaedbr physical propertiewith the goal of
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increasing its overafunctionality andvalue When contemplating which treatment(s) should be
selected several factors must be takéo aonsiderationThese can typically be categorized into
four broad groups including design constraifféature/part size, geometry, ef@jocessing
constraint§equipment limitations, materiatanipulability, etc.) service conditions

(temperature, fiae, etc.)and economic issué¢groduction volume, tooling/equipment costs,

lead times, etc[)150]. The use of EBM athe primary manufacturing methatdsfurther

nuancedo these categories as factors suckeagistock material selectiomicrostructure

orientation (resulting from choice of build direction), support structure removal, surface quality
(relating to layewise fabrication and downward facing surfaddé$3] must also be taken into

account.

Surface related consideratigssich as resulting surface quality after fabrication or
treatmentare of particular interest to this work because of their direct impact on fatigue
performanceThe experimental work frol@HAPTER 4andCHAPTER 5 focusedon
understandinghe impact of surface treatments and build orientation on EBBRT44V fatigue
performance. As a result, the data gdsovided valuable insighhat productesigners and
engineers could use decisions in order to achieve prodpetrformancespecificationsising
propersurfacefinish and geometric fit ithe designspecification Presentation dfey factors and

recommendation considerationpi®videdin Sections6.3and6.4.

6.3 SurfaceFinish Recommendations

Surface finish describes the nature of a surface inclutiirsyirface roughnestexture
etc.It plays an important role in thrmechanical performance of arpand in particulaits fatigue

life [154], [155] Surface irregularities on the free (outermost) surtdee partoften dictate



118

fatigue performance because they act as sites of concentrateaviieesgailure can initiate
from [155]. Thefinish 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 manufactu¢Xid), specifically EBM,have unique
surface characteristitike peaks, valleys, and-entrantundercutfeatureqFigure6.1), which
affect the surface roughness of the fipait These asperities are produdéedhe repetitive
layerwise consolidation of the metal powder feedstock during manufactditigis because
each layer has partially melted/fused particles surrounding the melted bulk of the parts interior,
which whenstacked together create the characteristic EBM pragildescribed previously
These attached surface partiabesur agesult from the selection ofieltingparameters (hatch
spacing, spot size, etc.) and the dissipation of energy from the meltedtargeeisurrounding
powder bed156]. This means thathile the distinct rippled appearance observed on vertical
edges parallel to the build direction-§Xis) [157] can be minimized it will always exibecause

it is related to process physics

Re-entrant/Undercut

Valley Peak Features

}

Figure6.1: Exampleof as-built AM surfaceprofile indicatingcommonsurfacefeatures
Thedé st a c k i n with irregtilardordoyrdrons partially melted/fused particledso

dictates theay (or direction of the dominant surface pattern) of an @lvface to follow the
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build direction(Figure6.2). As shown by results frol@HAPTER 5 this pattern affects the

fatigue performance.his is because failure will occur where ste=sare more concentrated,
between layera/heresmaller radiuses of curvature in the valleys eem&gantundercuteatures
are predominant, when loads are applR@motion of prematur®ur-point fatiguefailure is
more likely to occuthefurtherthe orientation of the lay fsom theaxis of loading (i.e. the
direction of applied load)This is why V samples iI@HAPTER 5 were found to fail before AH
sampleqFigure5.5). For this reasarit is recommended th&br the asbuilt conditionthe
orientation selection is such that critical features are built to have layiepto the bending
axis of the finahpplied flexure loadn the instance of theimple brackeshown inFigure6.3, it
would be critical to orienthe central axis of the three primaryés(Hole #13) parallel to the
XY plane(Figure6.3b,0), sincewhen it is in usehe two structural armsould be used to move
a load abouthe axis of Hole #1This orientation would mean the lay would be along the two
arms of the bracket along the XY plane aneferentiafatigue propertiesvould be aligned with
the appliedorcesdown the two arms of theracketwhen the part is in use. Other factors, such
as placement of support structures,ild howeveimpact the final selection of build orientation
for the casetudy exampleéWhile it is not within the scope of the discussion on surface finish,
this recommendation is also further supported as it is desirable to preferentially ogient an

possible internal defects from the layering process perpendicular to the bending axis.
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Figure6.2: Representative AMurfaces fordifferent build orientations

Figure6.3: Casestudy geometry
Althoughthesurface finishof EBM parts is initially dictated by thdirection of layer

wise fabricationuse of additionasurface treatmentfect itby altering the magnitude and


























































































































































































