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ABSTRACT

Sheridan, Luke, C. . Ph.D., Engineering Ph.D. Program, Wright State University, 2020. Primary
Processing Parameters and Their Influence on Porosity and Fatigue Life of Additively Manufactured
Alloy 718.

In many structural applications void-like defects cause significant performance debits

which call for component redesign or post-processing to account for or remove the de-

fects. For laser powder bed fusion (LPBF) processes, it has been shown that many of these

features and their size and shape characteristics are controllable through LPBF process pa-

rameter manipulation. For design efforts, however, it is necessary to understand the direct

influences of processing on the formation of porosity and the role that individual pores

and porosity distributions have on the properties and performance of AM components.

Additionally, design criteria must be established to facilitate implementation of AM com-

ponents into structurally critical applications. To this end, the investigations that have been

performed here relate the AM material processing of alloy 718 to the pore structure, crack

growth properties and fatigue performance. This dissertation first explores the influence

of four key process parameters and scan strategies on the formation and characteristics of

porosity distributions in AM material. Then, based on the porosity distributions observed

via non-destructive inspection techniques, a crack-growth based life prediction method was

developed to accurately predict fatigue lives of AM components. Additionally, fatigue limit

models were modified based on experimental data to explore the interactions of defect size

and applied stress with respect to both finite and ”infinite” fatigue life which enables defect

tolerant design for components manufactured via AM. Finally, a novel compliance-based

method for crack initiation detection was developed and used to assess some of the assump-

tions made in the prior investigations. The connections made through the work presented

herein link AM processing to potential design requirements which will facilitate faster,

safer design efforts for implementation of AM components into structurally critical appli-

cations.
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Introduction

Additive manufacturing (AM) has proven to be a versatile technology with promise for both

current and future manufacturing endeavors. The versatility of AM processes allows for

re-evaluation of current practices to produce cutting edge, weight-reducing designs while

reducing manufacturing cost and material waste. Although the benefits of AM make it

attractive to the defense and aerospace industries for maintenance, sustainment, and inno-

vation both in deployed and domestic environments [3], there are many complex facets that

need to be addressed before AM may be considered a viable manufacturing process for

fracture-critical components. In order for the technology to reach its full potential and util-

ity, extensive process development and thorough post-process analysis must be performed

to develop sufficient qualification guidelines and techniques for AM components.

The processing-structure-property-performance (PSPP) relationship for materials is

recognized as an important framework that guides material characterization and qualifica-

tion. The push for rapid implementation of AM components draws interest from diverse

research fields, and the branches that define the PSPP framework offer numerous opportu-

nities for multi-disciplinary investigations. Due to the novelty of AM technology and its

relatively recent emergence as a viable manufacturing technology, scientific knowledge is

generally transferred from more mature technologies or better understood processes and

applied to AM. One drawback from this approach is that research efforts may focus on one

portion of the PSPP framework without accounting for the interactions between all four

branches. For example, an investigation minimizing grain size may reduce beam power
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and increase beam speed to reduce the cooling rate of the melted material. Consequently,

the modified parameters reduce the melt pool size to the point where significant porosity

develops which is detrimental to the fatigue life of the component. In another example, a

designer may want a component to be built in a specific orientation to fit more components

on the build platform, but anisotropy in the built material may require a different orienta-

tion due to the applied loading. For successful implementation of AM components in a

wide number of applications, it is imperative that the designer understand the interactions

of each PSPP branch with the others. If any of the four branches is insufficiently accounted

for, the potential for a component’s failure is significantly higher.

The purpose of this dissertation is to investigate the effects of processing on the de-

velopment of porosity in AM nickel-base superalloy 718 and the fatigue performance of

academic components. It will be demonstrated in the next few chapters that AM process-

ing plays a significant role in pore population formation and that porosity characteristics

determine the fatigue performance of the component. The large number of processing

variables that define AM processes, however, makes quantifying the PSPP relationship

very complex. It has been shown that certain primary process parameters (PPPs), such as

Power, Speed, Hatch Spacing, and Layer Thickness, dominate internal defect development

[4–7]. It has also been observed that certain pore population characteristics, such as av-

erage pore size, maximum pore size, and pore shape, can influence material performance

[8, 9]. It is necessary, therefore, to quantify the influences of PPPs on porosity production

for application to performance prediction.

The organization of this dissertation is designed to provide an in-depth description and

analysis of each branch of the PSPP framework and to uncover insight into the interactions

between the four branches. The literature review in the next chapter will step through each

PSPP branch and discuss its significance and related work from the literature. Chapters

3-6 will detail methods, results, and discussion of four different investigations, and Chap-

ters 7 and 8 will highlight conclusions and recommended future work. This dissertation
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approaches porosity in AM components in light of the PSPP framework and traces the in-

fluence of AM processing to fatigue performance of porous AM materials. The insight

gained from the work included herein will help inform process optimization efforts which

will facilitate implementation of additive components in structural applications.
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Background and Literature Review

2.1 The “PSPP” Relationship

The PSPP framework has been used extensively in the field of AM to explain trickle down

influences of processing to the final part performance. Recognizing the importance of pro-

cessing on every characteristic of a material is critical when designing for AM applications.

For structural applications, defects have had wide recognition as the primary failure mech-

anisms for AM materials. While understanding the role that defects play on performance

criteria such as creep and fatigue, it is equally important to recognize the role processing

plays in defect formation which facilitates efforts to eradicate macroscopic defects entirely

from AM materials. While its name gives some indication as to the scope of the PSPP

framework, it is important to understand the meaning and the depth of each term.

2.2 Processing

Processing refers to the procedure of fabricating a component including production of raw

material, synthesis of the raw material into the component shape, and post-manufacturing

treatments of the material. Some common steps in AM processing include fabricating the

stock material (powder, wire, etc.), building the component with specified process parame-

ters (power, speed, hatch spacing, layer thickness, etc.), heat treating the material to achieve
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the desired microstructure, and hot isostatic pressing (HIP) to heal defects in the compo-

nents. For a given material, the processing that the material experiences has a profound

influence on every characteristic of the material and the fabricated component from mi-

crostructural attributes (phase formation, grain orientation, grain size, and defect content)

to elastic and plastic mechanical properties (modulus, ductility, toughness) to application-

based performance (fatigue, creep, strength). Understanding the influence of material pro-

cessing on the structure, properties, and performance of a component is imperative for

application-specific design.

2.2.1 AM Processing

One strength of AM processing is that diverse AM processes are available to meet complex

application requirements. Additionally, process tailoring to accomplish end user needs is

easily accomplished due to the flexibility of the technology. The expiration of the initial

AM patents has encouraged numerous companies to invest their resources in creating new

machines, and the sheer number of processes that have been developed facilitates compe-

tition and creativity to set Company A apart from Company B. Any attempt to encapsulate

the entirety of AM processing methods and approaches in this literature review would be

very difficult and time consuming, so an overview of key mechanisms for AM and a sum-

mary of several well-known metal AM processes will be discussed here.

AM Process Characteristics

In general, AM processing requires a source material, a delivery system, and a heat source.

There are several different types of source material which can be leveraged depending on

the application. One common material form that is leveraged for high volume deposition

rates is metal wire that is delivered to the component via a wire feed system. Component

tolerances may be a cause for concern with this feed material because the material is de-
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posited in such large quantities, but if the application allows for post-process machining,

this feed material is appropriate for high deposition rate processes. Powder is another com-

mon feedstock used in AM applications. Powder is typically spherical and ranges between

diameters of 10-200 µm. The powder size allows for complex features to be built, but

generally leaves the component surface rough which can cause mechanical performance

debits.

The delivery system required for a given machine depends on the feedstock form and

the application of the component. For metal materials, there are two common delivery

methods. The first is directed deposition of the material which involves using a nozzle to

direct the material under the heat source and depositing the molten material onto a base

component. This method is used for both wires and powders. For wires, a wire-feed sys-

tem delivers the material underneath the heat source, and the molten material is deposited

onto the component. For powder, the heat source melts a small region of the base mate-

rial, and the metal powder is injected into the melted region commonly referred to as the

melt pool. One creative advantage for directed powder processes is the capability to build

multi-material components. Several different nozzles can be leveraged to deliver different

materials to the build which allows for graded/multi-alloy applications. Often, directed

deposition delivery systems leverage CNC type systems to direct the feedstock material

which makes this delivery system amenable to component repairs, an application that is

very difficult with other delivery systems.

The second delivery system, powder bed fusion, is exclusively for powders. This

delivery process is commonly used for aerospace components due to the tight tolerances

facilitated by fine powder feedstock. Currently, powder bed systems are limited to relatively

small components due to machine size limitations. The system consists of a build platform

and a powder hopper that supplies the powder to the build platform. A recoater blade

spreads a thin layer of powder across the build platform. In beam-based AM, a heat source

(laser or electron beam) scans the powder and melts the component cross-section. Once the
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cross-section has been melted, the build platform recedes a specified layer thickness depth,

the powder hopper platform rises, and the recoater blade spreads another layer of powder

across the build platform.

Just like feedstock and delivery systems, the heat source that is applied can depend on

the application for which the component will be used. Beam based-AM processes lever-

age either electron beams or laser beams to melt the stock material. Laser beams typically

range from 50 W to 1kW and are used for fine features. Typically, mirrors are used to direct

the beam from one or multiple sources to the component. Electron beams generally exhibit

much higher powers (up to 100 kW) and leverage electromagnetic lenses to guide and move

the beam. For electron beam powder bed fusion processes, an initial pre-sintering step is

required using a defocused electron beam. This is because the momentum of the electrons

is sufficient to displace the powder particles in the bed which removes the feedstock from

the melt region and prevents building up the part. This pre-sintering step also acts to main-

tain an elevated preheat temperature throughout the entire component which reduces the

residual stress in the part and results in significantly larger grain structure. On the other

hand, pre-sintering the powder also causes the entire build volume to be semi-solid, and

removing the semi-sintered powder from the fully fused component leaves the component

surface very rough.

AM Process Physics

Despite differences in feedstock, delivery system, and heat source, beam-based AM pro-

cesses exhibit similar physics once the beam is applied to the material. The beam delivers

energy to the base material and the feedstock at a given rate which is designated the power

(Q) of the beam, and at the same time, the beam travels across the build region at a given

speed (S).

For a beam of given power traveling along a straight path at a constant speed, the ther-

mal field in the base material can be approximated using Rosenthal’s heat transfer solution
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[10]. The solid bounded by the solidus temperature isosurface from this solution gives the

approximate shape of the “melt pool”. The melt pool shape and size is directly related to

the power and speed of the beam as is discussed in [11–15]. These authors showed for a

variety of processes and materials that as the power increases, the width and depth of the

melt pool increases. They also showed that as velocity increases, the width and depth of

melt pool decreases. Therefore, optimization of these two parameters is necessary to retain

constant melt pool dimensions. Bertoli et al. further showed that beam power actually has a

stronger influence on melt pool depth during melting than scan speed [16]. As the melt pool

traverses the base material, it leaves a deposited path in the material which is approximately

ellipsoidal. Cases in which the ellipsoid assumption breaks down are when the power is

sufficiently high or the beam speed is sufficiently low to cause keyhole mode melting. In

these cases, the large amounts of energy per unit volume of material evaporates certain ma-

terials within the melt pool, and pressure gradients within the melt pool cause the depth to

increase. This keyhole mode melting gets its name from the characteristic “keyhole” shape

of the melt pool and is generally identified by a depth to width ratio significantly greater

than one half.

While the single line laser path is one of the most basic beam maneuvers observed in

beam-based AM processing, machines typically combine multiple back and forth passes

into a scan to fuse a solid part. After each single line, the beam translates a certain hatch

spacing (H) and begins another single line pass. The combination of these hatch patterns

make up the scan strategy and the strategy can be modified to achieve certain material

property and performance goals.

Three such scan strategies are the continuous meander (CM), striped meander (SM),

and island meander (IM) scan strategies which are exhibited in Figure 2.1[17]. Modifying

the scan strategy changes the thermal processing history which is crucial for phase for-

mation, grain growth, and orientation control in materials. It has been shown that certain

scan strategies encourage defect formation at laser path intersections [18] which can have
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CM SM IM

Figure 2.1: Three scan strategies commonly used in AM processes: Continuous Meander
(CM), Striped Meander (SM), and Island Meander (IM)

a detrimental effect on the performance of a component.

Since the laser power and speed change the size of the melt pool and hatch spacing de-

scribes how far apart the centers of the melt pools are separated, it is intuitive that increases

in hatch spacing will eventually result in complete separation of adjacent melt pools such

that there is no overlap. In such lack of fusion (LOF) cases, a significant amount of poros-

ity is expected. Analogously, if the layer thickness (L) is sufficiently large that the current

layer’s melt pools do not reach the base material, LOF should also be expected. Similar

relationships between processing and material structure have been noted in the literature as

will be discussed below. Therefore, optimization of the process parameters is imperative to

assure proper processing of the material.

2.2.2 Post-Processing

There are several post-processing procedures that are performed for additive materials to

increase performance and properties for AM components. Heat treatment methods are

used to remove residual stress and acquire desirable microstructure. Multiple standards are

available that describe appropriate heat treatments for AM alloy 718, but it is important

to maintain consistent procedures to appropriately compare test to test variation. In light
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of this, heat treatments prescribed in ASTM 3055 [19] will be used in this work. This

standard calls for a stress relief of the component at 1950 ◦F (1065 ◦C) for approximately

90 minutes. This stress relief takes place while the components are still on the plate. Once

the components are removed from the plate, a solution annealing step is performed on the

components at 1750◦ F (954◦ C) for approximately 30 minutes. An aging treatment is

performed at 1325◦ F (718◦ C) for 8 hours, and then the temperature is reduced to 1150◦ F

(621◦ C) for another 8 hours. The material is then furnace cooled to room temperature.

Porosity, as mentioned previously, is a common defect in additive materials. One

method for removing porosity from an AM component is HIP which involves heating the

material and applying significant amounts of hydrostatic pressure to the component. The

combination of heat and pressure will “heal” many of the internal pores. Because the focus

of this investigation is the effect of porosity on fatigue in AM components, HIP was not

performed on any of the components described herein.

Finally, AM processes generally produce rough surfaces. A combination of periodic

formations caused by intersections of melt layers and non-regular formations of powder

adhered to the surface of the build introduce numerous possible crack initiation locations on

the surface of AM components. Machining is commonly performed for AM components

that undergo cyclic loads to minimize the probability of failure due to a surface notch.

Machining will be performed on the experiments described herein to isolate the effects of

porosity on fatigue life and minimize the probability of a surface notch-induced failure.

2.3 Material Structure

The structure represents the baseline attribute of a material from which it derives its prop-

erties and performance. Significant amounts of work have shown that AM microstructures

are strongly dependent on AM process parameters. Microstructure manufactured via beam-

based AM methods generally exhibits elongated morphology and grows in the direction of
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the thermal gradient (generally in the build direction) [13]. Larger grains are traditionally

found in components manufactured with low cooling rates produced by combinations of

low speeds and high powers [15, 20]. Additionally, thermal gradients induced during the

build process facilitate grain growth in preferred orientations [21, 22]. Material structure

includes not only grain characteristics but also defects and voids that are contained within

the component. Pre-existing raw material defects and AM process-induced defects are

common in AM materials, and they typically appear in three main forms: surface rough-

ness, surface porosity, and internal porosity. Each of these defect types cause sub-standard

mechanical performance in the component, but it has also been shown that they can be

modified and/or removed via post- and in-situ processing of the components [8, 23].

Previous work at Wright State and Carnegie Mellon Universities has traced process

parameter factors to several structure and property effects in additive materials across a

wide range of process space. The process parameters of interest include beam power,

beam speed, material feed rate, substrate preheat, and component geometry while out-

comes include melt pool geometry measurements (length, width, depth, cross-sectional

area) [13, 15], microstructure morphology (feature width, feature aspect ratio) [13, 15, 24],

and component performance (fracture toughness, ultimate strength, fatigue life) [15, 25].

These works focused on several regions of process space (shown in Figure 2.2).

2.3.1 Defects

As was discussed in 2.2.1, AM processing plays a key role in multiple types of compo-

nent defects. LOF defects occur when insufficient melting characterizes the material, and

keyhole mode melting occurs when over-melting is prevalent. Gas-porosity, another defect

type occurs when air bubbles exist in the supply material[5]. When the stock material melts,

the gas bubble is unable to escape into the atmosphere before the material re-solidifies, and

the defect is left in the final part. Significant amounts of work have been performed to
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Figure 2.2: Power-speed process map of common AM process regions (adapted from [14])

model the process-material interactions to help predict the defect structure in the material.

It is important to recognize the process characteristics that drive defect formation and to

quantify the defect attributes that will drive component performance.

Defect Formation and Process Modeling

Several models have been developed in the literature to describe and predict LOF and key-

hole defects due to AM processing. The relationship between PPPs and component density

is driven by multiple factors including melt pool shape [26, 27] and thermal properties of

the material [16, 28], and the models have been developed to help predict defects in AM

materials. Tang et al. leveraged the Rosenthal point source model to overlap multiple melt

pool geometries [10, 27]. They leveraged the elliptical shape of the melt track and hypoth-

esized that LOF porosity, defects produced through insufficient overlap of melt pools in

either the lateral or vertical direction, would occur when

(H
W

)2

+
(L
d

)2

≤ 1 (2.1)
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where H is the Hatch Spacing, W is the melt pool width, L is the layer thickness, and d

is the melt pool depth. This model effectively predicted the density of AM components

due to LOF defects. Tang’s model did not take phase change properties into account, so its

applicability to keyhole type porosity prediction was limited. King et al., however, showed

that normalized enthalpy, could accurately predict conditions for keyhole mode melting.

They derived a criterion for a material melted under a moving Gaussian heat source such

that
∆H

hs
=

αQ

hs
√
πDmSσ3

≥ πTb
Tm

(2.2)

where α is the power absorptivity factor, Q is the beam power S is the beam speed, σ is

the beam spot diameter, Dm is the material diffusivity at the melting temperature (Tm), hs

is the material enthalpy at melting, and Tb is the boiling temperature of the material. King

showed that melting conditions satisfying this criteria exhibited keyhole behavior and that

a clear transition point is made at the threshold from conduction dominated melting (with

elliptical melt pools) to keyhole dominated melting.

Another popular model to predict or explain component density is that of energy den-

sity. Multiple variations of energy density have been defined that describe different energy

delivery aspects of the AM process, but Thijs et al. [29] defined volumetric energy density

(VED) as

Ev =
Q

S ∗H ∗ L
(2.3)

Gong et al. attempted to show that this quantity could indicate process regions that mini-

mize defects [6, 30]. Spierings et al. also showed that VED could be functionally related to

component density [31]. Bertoli et al. confirmed that decreasing energy density degraded

single melt pool tracks and that increasing energy density beyond a certain threshold would

similarly induce irregular single melt pool tracks. According to Bertoli, however, VED has

limitations in predicting keyhole mode melting because it does not take into account the

physical behavior of the material [16]. Furthermore, Tang showed that controlling VED
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need not necessarily improve part density: Maintaining a constant VED (while changing

PPPs) may result in varying porosity [27]. This was further illustrated by Sheridan et al.

[32] and will be presented in detail in Chapter 3.

Due to this ambiguity, it is important to recognize the role that each PPP plays in

the formation of the melt pool and, therefore, in the creation of defects as was discussed

in 2.2.1. Kasperovich et al. explored multiple process parameters including beam power,

speed, hatch spacing, and focal distance, and they showed that beam power and speed have

the most significant effect on component porosity [7]. Darvish et al. also showed that

increasing beam power improved melt pool stability and track overlap consistency [33]

which reduces stochastic (random) porosity.

During keyhole mode melting, material vaporization creates a pressure gradient that

elongates the melt pool depth. Rapid cooling encapsulates vapor bubbles which increase

component porosity. Keyhole mode melting typically occurs at elevated VED, but as men-

tioned above, VED is unreliable for predicting a keyhole threshold. It has been shown,

however, that increasing beam spot size to the scale of the melt pool width can help avoid

keyholing phenomena [34].

Several authors have explored process spaces and have shown the dependence of de-

fect density on PPPs and VED [5, 26, 35]. Generally these papers focus on small regions of

process space with multiple PPPs held constant. PPP interactions are rarely discussed. Fur-

thermore, a majority of the authors conducting this research pay particular attention to aver-

age component density and ignore defect size distributions and defect shape. These charac-

teristics have been shown to play a significant role in component performance [8, 9, 36, 37].

The work described herein explores a wide region of process space, assesses interactions

of PPPs, provides insight into pore formation, and characterizes experimental trends in

component density, pore size and pore shape.
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Defect Characteristics in Additive Components

Defects in AM material come in many forms, sizes, and shapes. They are commonly

created as a result of improper material processing or because of slight variations or incon-

sistencies of process parameters at a specific moment or location in the build. It has been

shown that defects in materials are common failure mechanisms and can dominate other

features that may eventually cause failure in the component. In structural applications, it

is necessary to have a general knowledge of the defect content to properly design a com-

ponent. Many authors have elected to use average defect quantification metrics such as

overall component density or cross-sectional pore area fraction to quantify defect content

[38–40]; however, for predicting structural performance it is necessary to look at other,

more specific quantities and to characterize each pore as a member of a population. It

is only through knowing the actual defect signature and being able to model it that rele-

vant and accurate models of AM component performance can be developed. Three metrics

that are commonly used to characterize individual pores (size, location, and shape) are

discussed below.

It is well known that performance criteria such as fatigue are driven by the weakest

link. A component is limited in its performance by the defects that are contained within it

and by how those defects interact with the applied stress state. If several similarly shaped

pores were formed within a component, it would be intuitive that the largest pore would be

the weakest link. Local stresses would increase in the vicinity of the pore due to stress con-

centration phenomena and material damage would occur and propagate from this location.

Therefore, quantifying the sizes of pores within a component is important for determining

locations of high probability component failure. One method for characterizing pore size

is to use the projected cross-sectional area of a pore as proposed by Murakami [41]. Three-

dimensional characterization of pores is expensive and infeasible in many applications, but

two dimensional characterization is easily performed. Additionally, stress is transmitted

through a finite cross-section of a component; therefore, it is intuitive that a pore with a
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larger cross-section would concentrate stress more than a pore with a much smaller cross-

section.

Another pore characteristic of note is the location of a pore in relation to other pores

and the component surface. Stress in the vicinity of multiple stress concentrating features

will be amplified significantly. Therefore, it is important to recognize when defects collect

in similar locations. It has been shown that collections of small pores within a certain radius

of each other tend to act as a single, large pore. Because of this, lines of pores produced

through keyhole mode or even LOF melting may act significantly different from similar

pores that are more randomly distributed. Similarly, a crack emanating from a surface

pore is approximated to have a thirty percent increase in stress intensity compared to an

internal pore [41–44]. This means that a surface crack will grow significantly faster than a

similar internal crack which reduces the fatigue life of that component. A majority of the

components built during this investigation were significantly dense so that the pores were

“evenly” distributed. Because of this, pore location with respect to other pores was not

examined in-depth.

Finally, pore shape may also be an important characteristic for fatigue life and perfor-

mance. Just as pore size and location can change stress concentration and crack growth rate

properties, pore orientation and shape can have a dramatic impact on the local stress state

in the material. Often, crack orientation has a strong dependence on build direction. This

is specifically true for LOF porosity where long, unfused tracks tend to align parallel with

layers of individual scan tracks. Keyhole mode porosity is typically spherical, and does

not exhibit irregular shapes inherently, but a collection of closely-spaced pores produced

by keyhole mode melting may exhibit behavior similar to a thin, elongated crack. When a

long, flat crack is oriented perpendicular to the applied load, the stress intensity at the crack

tip will be much greater than the stress intensity of the same crack oriented parallel to the

loading direction.

Additionally, pore shape can play a key role in crack formation. Pores with high aspect
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ratios will typically initiate cracks much faster than low aspect ratio, spherical pores of the

same size. This is because the radius of curvature of the pore is much smaller which induces

a larger stress concentration. As a result, it is important to recognize orientation and shape

effects when designing a component for a specific application. Build orientation and load-

ing orientation must be considered in order to successfully implement the component, and

inspection of internal features is necessary to verify that pore shape and orientation meet

specified criteria to prevent premature failure. Failure to take pore shape and orientation

into account could result in significant life debits and insufficient component performance.

2.3.2 Material and Grain Structure

Alloy 718 [45] is a precipitation strengthened nickel-based superalloy commonly used in

aerospace structural applications because of its strength at high temperatures. Alloy 718

is generally a good candidate for turbine engine hot section components. The superalloy

contains high percentages of chromium and iron as seen in Table 2.1.

Table 2.1: Alloy 718 Composition

Al B Cr Cu Fe Mn Mo Ni+Co Nb+Ta P Ti C S
Nominal 0.5 <0.006 19.00 <0.3 18.00 <0.35 3.05 Bal. 5.15 <0.015 0.9 <0.08 0.015

Alloy 718, a face centered cubic structured material, exhibits many different phases

which all contribute to its properties and performance, but it’s main strengthening mech-

anisms are the γ′ (NiAL) and γ′′ (Ni3Nb) phases. Both of these phases are coherent with

the γ matrix. AM alloy 718 microstructure has been characterized extensively in the liter-

ature [21, 22, 46–52], and attempts have also been made to control microstructure in AM

components through the use of novel scan strategies and controlling process parameters

[53].

Alloy 718 is a precipitation strengthened alloy which relies on specific heat treatment

regimens to nucleate and grow strengthening phases. Traditionally, a heat treatment regi-
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men for precipitation alloys consists of a solution treatment to bring all secondary phases

into solution and a precipitation phase to control the size and percentage of each phase in

the final structure. For additive materials, a preliminary heat treatment is performed before

the material is removed from the baseplate to relieve residual stresses that are produced due

to the contraction of cooling layers and the expansion of deposited layers throughout the

growth of the component. Currently, several efforts are working to optimize heat treatment

procedures for additive materials [54, 55]. Several documents have also been put forward

to standardize heat treatment procedures for AM alloy 718 [19, 56]. For the experiments

described in this work, a consistent heat treatment procedure was performed to reduce any

variation due to processing. These procedures are specified in section 2.2.2.

2.4 Properties and Performance of Additive Components

The properties of a material describe a material’s behavior. Structural properties that are of

primary interest include elasticity, toughness, strength, ductility, and crack growth behav-

iors. These properties are specific to the material and are heavily influenced by the structure

of the material. For AM materials, they are often non-isotropic and must be thoroughly

quantified to properly inform any design efforts. Many AM materials have proven compa-

rable with wrought materials in terms of elastic properties and material strength, and they

have occasionally exceeded properties of traditionally manufactured materials [2, 57, 58].

Properties such as strength, toughness, ductility and crack growth may vary significantly

depending on the orientation of the applied load with respect to the build direction. These

phenomena occur due to the directionality of grain growth and defect orientation. Parallel,

elongated grains will certainly behave differently in one direction compared to another di-

rection, so understanding the material structure is imperative for interpretation of material

property component to component variation.

The performance of a component is determined by the properties of a material. More
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specifically, the performance quantifies how well a component is able to accomplish its

role in a specific application. While properties focus mainly on a material’s capabilities,

the performance emphasizes the component’s ability to do its job satisfactorily. The design-

intended performance of a component is always the end goal, but it is impossible to ade-

quately predict the performance of the component without an extensive understanding of

the processing, structure, and properties that characterize the component. Therefore, a

multi-disciplinary approach must be taken to trace the effects of AM process parameters

throughout the entire PSPP chain for adequate, accurate, and successful implementation of

AM components in aerospace applications.

2.4.1 Tensile Properties of Alloy 718

It has already been stated that material structure will certainly influence the properties of a

material. Therefore, it is expected that different heat treatment procedures will produce sig-

nificantly different tensile properties. Expected tensile properties for various post-process

profiles are described in Table 2.2 [57].

Table 2.2: Alloy 718 tensile properties for various heat treatment states

As-Built Stress Relieved HIP’ed Solution Annealed Precipitation Aged
Ultimate Strength 127 ksi 133 ksi 185 ksi 119 ksi 198 ksi

0.02% Yield Strength 112 ksi 75 ksi 135 ksi 46 ksi 153 ksi
Young’s Modulus 26e3 ksi 28e3 ksi 29e3 ksi 26e3 ksi 28e3 ksi

Elongation 30% 42% 24% 29% 20%

Likewise, material orientation has been shown to significantly impact tensile proper-

ties of AM 718. Under a consistent solutionized and aged heat treatment, tensile properties

can tend to vary as shown in Table 2.3 [58]

As is observed from both Tables 2.2 and 2.3, additive material elastic properties com-

pare favorably with wrought material. It can also be observed from the literature that the

sensitivity to AM processing parameters is not noticeable in certain circumstances.
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Table 2.3: Alloy 718 tensile properties for three build orientations[1, 2]

Extruded Rod 90◦ (Horizontal) 45◦ 0◦ (Vertical)
Ultimate Strength 180 ksi 194 ksi 196 ksi 186 ksi

0.02% Yield Strength 150 ksi 146 ksi 152 ksi 137 ksi
Young’s Modulus 29e3 ksi 29e3 ksi 29e3 ksi 29e3 ksi

Elongation 12% 16% 17% 15%

2.4.2 General Fatigue Performance

It is well known that a material discontinuity such as a notch or hole will elevate the stress

in the local region surrounding the discontinuity. The stress concentration (Kt) for an

elliptical notch is of the form

Kt = σ∞

(
1 + 2

a

b

)
(2.4)

where σ∞ is the applied stress, a is the notch length, and b is the notch width [59].

Under the assumptions of LEFM, as b → 0 as in a crack, the elastic stress field around

the crack asymptotically approaches infinity at the crack tip. Irwin [60] approximated the

stress field (σyy) surrounding a crack tip in a large plate as

σyy = σ∞

√
πa√
2πr

cos
θ

2

(
1 + sin

θ

2
sin

3θ

2

)
(2.5)

and for θ = 0,

σyy =
σ∞
√
πa√

2πr
(2.6)

The numerator of Eq. 2.6, coined the stress intensity factor (SIF), K, defines the rate

at which the asymptotic stress approaches infinity at the crack tip. This factor is commonly

used to describe the stress state around a crack and has major implications on the fatigue

and fracture behavior of a material. Not all cracks occur in large plates, however, so there

is a correction necessary to accurately represent the stress fields of cracks under various
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conditions. Therefore, common SIF representations are of the form

KI = Y σ∞
√
πa (2.7)

where Y is a shape correction term, and the I subscript represents an in-plane mode

of stress. For fatigue applications, the stress is cyclic; therefore the cyclic SIF is defined as

[59]

∆KI = Y∆σ∞
√
πa (2.8)

Murakami suggested that many surface features and material defects such as surface

roughness and pores are sufficiently small to be modeled as small cracks [41] such that a

defect could be approximated as an ellipse which circumscribes the defect’s projected area.

The equivalent crack length for SIF calculations was assumed to be the square root of the

cross-sectional area (
√
A) of the ellipse. He showed that the SIF of an interior pore could

be represented by

∆KI,i = 0.5∆σ

√
π
√
Ai (2.9)

and a surface pore by

∆KI,j = 0.65∆σ

√
π
√
Aj (2.10)

whereAi andAj are the projected area of any bulk and surface pore respectively. According

to Murakami a pore is a surface pore if
√
A/e0 > 0.8 where e0 is the distance of the pore’s

centroid to the free edge of the component. [41].

Fatigue life is distinguished by three distinct phases: Crack initiation, crack growth,

and catastrophic failure. For high cycle fatigue (HCF), crack initiation dominates the fa-

tigue life, and crack growth is relatively short. For low cycle fatigue (LCF), the converse is

true. In both case, material structure determines the behavior of the material under a cyclic

load. During each load-unload sequence, damage is introduced in the material through
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Figure 2.3: Crack growth curve diagram showing the three phases of crack growth: thresh-
old, stable, unstable (fracture) [61].

the movement of dislocations. Dislocation movement in alloy 718 is often inhibited by

structural features like intergranualar particles (carbides), intragranular particles (γ′,γ′′), or

grain boundaries, and the dislocations begin to pile up at these locations. Once these dis-

location “clusters” reach a saturated level, they frequently initiate microstructurally small

cracks which propagate through a grain (if internally initiated) or around a grain (if initiated

at a grain boundary) until it reaches another grain boundary. The crack must then change

directions based on the next grain’s crystal orientation. The crack continues to grow in this

manner until it has reached a critical size, at which point it becomes a normal stress-induced

(Mode I) growth that propagates quickly through grains and can be seen as continuum level

crack growth. Long crack growth is characterized by three distinct phases: near threshold

crack growth, stable crack growth, and unstable crack growth. These phases are illustrated

in Figure 2.3.

The plot shows how the crack growth rate ( da
dN

) changes as the SIF increases. Phase I,

the near-threshold crack growth regime, represents the period in which the crack is growing

very slowly due to low loading conditions or extremely small crack length. Phase II repre-
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sents stable crack growth and typically follows a power law trend. Phase II is the longest

observable crack growth stage. Phase III represents unstable crack growth leading to frac-

ture. This phase is typically the shortest of the three phases, and can usually be neglected

for HCF applications.

There are several different methods for modeling the phases of crack growth. The

simplest method ignores the very small growth rates in Phase I and the unstable crack

growth in Phase III and accounts for only phase II crack growth. This particular crack

growth model is represented by a power equation known as the Paris law (Eq. 2.11) where

∆KI is the cyclic SIF in mode I and C and n are material specific crack growth constants

[62].

da

dN
= C(∆KI)

n (2.11)

Another commonly used model for crack growth measurement is the NASGRO equa-

tion [63] (shown in Eq. 2.12) which accounts for threshold growth (∆Kth), crack closure

(f ) due to residual stress and fracture surface roughness, stress ratio (R), and unstable

growth at the critical SIF (Kc).

da

dN
= C

[(
1− f
1−R

)
∆K

]n [1− ∆Kth

∆K
]p

[1− Kmax

Kc
]q

(2.12)

In this equation, C, n, p, and q are material constants that are obtained from experimental

data and Kmax is the maximum SIF in the load cycle.

While the NASGRO equation provides significantly more fidelity in representing small

crack growth and final fracture, the Paris law’s simplicity is attractive for quick and efficient

implementation for fatigue life prediction. Additionally, depending on initial pore size and

stress levels, the failure pore’s initial SIF commonly lies above the threshold within the

Paris region. For the academic fatigue specimens used in the following investigations, the

crack length will never reach the critical length which causes failure. Instead the failure
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will occur when the normal stress in the remaining ligament exceeds the ultimate stress of

the material.

Crack growth rate models are commonly used for growth life prediction. The Paris

law is a popular model for this life prediction because a closed-form equation for crack

growth life may be derived from it. Since ∆KI is a function of crack length (a), like terms

in Eq. 2.11 may be isolated, and each side of the equation may be integrated. This gives a

general equation for fatigue life prediction based on initial crack length (a1) and final crack

length (a2).

Nf =
1

C(∆σY
√
π)n
∗ a
−n/2+1
2 − a−n/2+1

1

−n/2 + 1
(2.13)

where C and n are crack growth constants and Y is the stress intensity shape factor.

Konecna et al. [64] showed that the crack growth rate of LPBF alloy 718 having undergone

HIP procedures may be represented using the parameters (C, n) = (4.54 ∗ 10−11, 2.3), so

Nf,bulk =
a−0.15

1 − a−0.15
c

(0.15)(4.54 ∗ 10−11)(0.5∆σ
√
π)2.3

(2.14)

and

Nf,surf =
a−0.15

1 − a−0.15
c

(0.15)(4.54 ∗ 10−11)(0.65∆σ
√
π)2.3

(2.15)

where ac is the critical crack size at which the component will fail. In this dissertation, the

critical crack size is defined as the crack length required to exceed the normal strength of

the material under a given load. For application of the crack-growth based life prediction

method presented above to larger components, the critical crack size may be defined as

the minimum crack size that will surpass either the bearing strength or the critical fracture

toughness of the material.
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2.4.3 Fatigue Performance of Alloy 718

Similarly to the tensile properties observed in section 2.4.1, fatigue properties and per-

formance will vary with heat treatment procedure and build orientation. For structural

aerospace applications, however, alloy 718 is rarely used in an annealed state because the

aging procedure is what gives the material its strength. A brief literature review of fatigue

performance for both additive and wrought alloy 718 was performed and is summarized in

Figure 2.4 [2, 65–67].

Figure 2.4: S-N curves obtained for both wrought and AM alloy 718 from in-house exper-
iments (x) and the literature.

It can be seen that wrought material generally out-performs AM material. This is

commonly attributed to elevated levels of porosity and defects in additive material that are

not present in wrought material. There is a relatively large amount of scatter in the additive

material which, again, is related to the random failure pores.

2.4.4 Fatigue Limits and Flawed Materials

When internal defects are considered to determine the probability of causing component

failure based on the assumptions given previously, only a subset of the observed flaws
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Figure 2.5: Normalized plots for endurance stress models as proposed by Kitagawa and
Takahashi, Murakami, and El-Haddad. The y-axis has been normalized by the endurance
stress of the material without a defect, and the x-axis has been normalized by the critical
crack length (l0)

.

need be considered in determining the fatigue life of the component. It is well understood

that large flaws will more likely initiate failure inducing cracks, and they will propagate

much quicker than smaller flaws. Similarly, small pores will experience significantly longer

initiation lives, and the cracks will propagate at much slower rates compared to larger

defects. For this reason, there exists some critical flaw size for a given stress level which

will not cause failure in the component. A defect is considered to be below the critical size

when its stress intensity defined by Eqs. 2.15 or 2.14 is below the threshold stress intensity

value as determined by the material’s crack growth behavior. One criteria for defining this

threshold is that the stress intensity value produces a crack growth rate ( da
dN

) of less than

10−10 meters per cycle. Any flaw larger than the critical flaw size has the potential to cause

a failure, but any flaw smaller than the critical flaw size will not initiate a failure inducing

crack.

There have been several models introduced in the literature for estimating critical de-

fects and fatigue limits for AM components. Three of these models are visualized for alloy

718 in Figure 2.5 and discussed below. The first model was developed by Kitagawa and
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Takahashi [68]. They recognized that crack propagation was dominated by two physical

mechanisms depending on the crack lengths and the applied stress. They found that cracks

of a certain size did not propagate to failure at the endurance limit of the material. The hor-

izontal dotted line pictured in Figure 2.5 represents this condition. They showed, however,

that there was some critical crack length that would propagate even at the endurance limit

causing failure. For cracks longer than this critical length, non-propagation required that

the stress intensity of the crack be less than the threshold stress-intensity of the material.

This condition is described by the dotted diagonal line in Figure 2.5. The equation of this

line is obtained by solving Eq. 2.10 for ∆σ and specifying ∆K as the threshold SIF range

for the material.

El-Haddad et al. [69] derived a mathematical model to predict the endurance limit

phenomenon described by Kitagawa and Takahashi. El-Haddad’s model included the same

physics, but they included a region of crack length during which the non-propagation mech-

anism transitioned from endurance limit to linear elastic fracture mechanics assumptions.

They proposed that the stress intensity of a specific crack of length l + l0 had a stress

intensity of approximately

∆K = Y∆σ
√
π(l + l0). (2.16)

where l0 is the critical crack length below which a crack will not propagate under the

endurance stress, l is some length beyond the critical crack length, and ∆K and ∆σ are the

cyclic SIF and the cyclic stress respectively. The threshold SIF may then be stated as

∆Kth = Y∆σe
√
π(l0) (2.17)

where ∆σe is the endurance stress range of the base material. Therefore,

l0 =

(
∆Kth

Y∆σe

)2
1

π
. (2.18)
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From 2.16, for a crack of length l + l0, the threshold stress below which the crack will not

propagate (∆σw) can be represented by the following equation:

∆σw =
∆Kth

Y
√
π(l + l0)

(2.19)

which when combined with Eq. 2.17 becomes the more common form:

∆σw = ∆σe

√
l0

l + l0
(2.20)

Murakami et al. [42–44] developed a model that exhibited simplified behavior. They

demonstrated that the fatigue limit (σw, MPa) of a material with a defect could be predicted

using the Vickers hardness (Hv) of the material and the equivalent diameter (
√
A, µm) of

the defect using the below relationships:

σw,bulk = 1.56
Hv + 120
√
Ai

1/6

[
1−R

2

]α
(2.21)

σw,surf = 1.43
Hv + 120√

Aj
1/6

[
1−R

2

]α
(2.22)

where

α = 0.226 +Hv · 10−4. (2.23)

Several other models similar to the three mentioned above have been developed for defect

tolerant design (highlighted in [43]) , but they are not discussed here.

Beretta, Romano, and others have applied the early work performed by Kitagawa

and Takahashi, El-Haddad, and Murakami to AM material performance characterization.

Beretta et al.[70–72] modified the El-Haddad model (Eq. 2.20) by replacing the El-Haddad

parameter (l0) with a modified parameter (
√
A0) and crack length (l) with the Murakami
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equivalent defect diameter (
√
A) such that for porous materials,

∆σw = ∆σe

√ √
A0√

A+
√
A0

(2.24)

where
√
A0 is of the same form as Eq. 2.18. They showed that defect-tolerant design

concepts could easily be applied to additive materials with surface roughness and internal

porosity and that the wide scatter of fatigue life properties was reduced if the defect size was

taken into account. The fatigue strength data that they collected followed the El-Haddad

model and supported the application of extreme value statistics to prediction of fatigue

strength of additive alloys. Romano et al. [73–75] proposed the method of introducing

artificial defects to define a lower S-N curve bound. They also developed a model based

on extreme value statistics for fatigue life estimation in high cycle fatigue (HCF) regions

of fatigue life which described the experimental scatter in the fatigue life data. This model

included special consideration of surface volume defects to further reduce error in life

prediction.

2.5 Contributions

The literature review presented in this chapter shows that a significant amount of work

has been performed previously to understand the processing, structure, properties, and

performance disciplines separately. The work performed in this document stems from a

recognition that the implementation of additive materials in structural aerospace applica-

tions requires a thorough understanding of all four of the aforementioned PSPP disciplines

and their interactions with each other. The purpose of this dissertation will be to approach

porosity in AM components in light of the PSPP framework and trace the influence of AM

processing to fatigue performance of porous additive materials. The insight gained from

the proposed investigations will help inform process optimization efforts which will facil-
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itate implementation of additive components in aerospace applications. More specifically,

the contributions of this work are to:

1. Examine PPP trends across laser powder bed fusion (LBPF) process space

2. Interrogate literature porosity prediction models using experimental data

3. Develop a pore-based fatigue life prediction method

4. Identify beam PPP influence on fatigue life

5. Quantify fatigue life debit induced by a pore of a given size compared to fatigue life

of wrought alloy

6. Adapt fatigue limit prediction methodologies to predict finite life using pore and

stress data.

7. Identify critical pore size for achieving a infinite/finite life for a given stress state

8. Develop a compliance-based characterization method for rapid characterization of

fatigue performance of AM materials
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PPP Influence on Component Density

and Pore Size Characteristics

3.1 Introduction

Additive material consistently exhibits pores and internal defects that have been shown to

come from several different sources including raw material, insufficient melting, and over-

melting. As discussed in Chapter 2, several authors have discussed various mechanisms

for pore development in additive material with respect to AM process parameters, but very

few have taken the opportunity to explore wide regions of process space to determine the

influence of several process parameters and their interactions on the production of porosity

in AM materials. Before one can fully understand and predict fatigue behavior of addi-

tive components, it is important to understand how pore populations are formed and to

determine how and why population characteristics change throughout AM process space.

3.2 Materials and Methods

In this initial investigation, two AM builds were performed to characterize the effects of

four PPPs, beam power, scan speed, hatch spacing and layer thickness, on porosity defects

in LPBF nickel-based superalloy 718 components. Over fifty 12.25 mm (0.5 in) diameter
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by 12.25 mm tall cylinders were manufactured during each build using an EOS M290

system (see Figure 3.1). Each component contained a notch to help register the orientation

of the cylinder on the plate. The first build was conducted at the nominal beam power and

a constant 20 µm layer thickness (“low” setting). The build was designed as a modified

factorial experiment with the multi-level factors of scan speed and hatch spacing. The scan

speed limits for the experiment were set to +/- 20% of the nominal value for scan speed,

and the hatch spacing limits were set to +/- 50% of the nominal value for hatch spacing.

The structure of the design is shown in Figure 3.2.

Figure 3.1: Experimental build layout for Low layer thickness

The low layer thickness build was structured so that the majority of the PPP treatments
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Figure 3.2: a) Design of experiment structure for low layer thickness at nominal power.
b) Design of experiment structure for high layer thickness. Blue circles indicate nominal
power and blue triangles indicate elevated power.
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were compactly centered around the nominal hatch spacing and speed with four outlying

PPP treatments surrounding them. Multiple replicates of each treatment were included

in the experiment design. High VED PPP treatments experienced overmelting, and these

components caused the machine to jam when the hard recoater blade impacted them. The

failure occured within the first few layers of the build, so the remainder of these particular

components were removed from the experiment, and the build was restarted.

A second build was performed with a layer thickness of 40 µm (“High” setting).

During the high layer thickness build, two power settings (nominal and high) were investi-

gated, and the ranges of hatch spacing and speed were extended to more extreme settings.

To prevent the build from crashing as it did in the previous experiment, high VED settings

were removed from consideration. For both experiments, there was some design overlap to

ensure continuity in models that were developed.

Once the specimens were electron discharge machined (EDM’d) off the plate, they

were mounted and polished to a mirror finish. Each specimen was imaged using a Phenom

XL tabletop scanning electron microscope at a magnification of 500x. The entire cross-

section was imaged, and ImageJ [76] was used to convert the grayscale images to binary

images. Each pore’s equivalent diameter (
√
Area) and circularity (4π

(
Area

Perimeter2

)
) were

measured. Additionally, each layer’s pore density was approximated as the difference of

the total pore area fraction from unity. This process was performed for at least four cross-

sections of each specimen, so that defects throughout the depth of the component could be

analyzed. For each measured quantity, the data from each layer was combined, so that a

distribution from each component could be observed.

3.2.1 Regression Methodology

Once the data was collected from each specimen, the mean of each component distribution

was calculated. These calculated quantities were matched with their PPP settings, and a

regression analysis was performed to develop second-order linear models for layer density,
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pore diameter and pore circularity. The model was constructed in the form of Equation 3.1

such that the β terms are the effect coefficients, ε is the error term, and Q∗, S∗, H∗, and L∗

are normalized power, speed, hatch spacing and layer thickness respectively. Quadratic and

linear interaction terms were included for hatch spacing and speed, but only linear terms

and interactions were included for beam power and layer thickness.

f(Q∗, S∗, H∗, L∗) = β1 + β2Q
∗ + β3S

∗ + β4H
∗ + β5L

∗ + β6Q
∗S∗ + β7Q

∗H∗ + β8S
∗H∗

+ β9L
∗Q∗ + β10L

∗V ∗ + β11L
∗H∗ + β12S

∗2 + β13H
∗2 + ε

(3.1)

Three models were constructed (density, diameter, circularity) from the average metric

data using the least-squares approach described below. Each component (i) was considered

to be a separate training point (xi) in order to give insight into the component to component

variability. First, a system of equations representing each data point was constructed from

Eq. 3.1 including every experimental observation such that:

 1 Q∗
1 S∗

1 H∗
1 L∗

1 Q∗
1S

∗
1 Q∗

1H
∗
1 S∗

1H
∗
1 L∗

1Q
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1V
∗
1 L∗

1H
∗
1 S∗2

1 H∗2
1
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2 S∗
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∗
2 Q∗

2H
∗
2 S∗

2H
∗
2 L∗

2Q
∗
2 L∗

2V
∗
2 L∗

2H
∗
2 S∗2

2 H∗2
2

...
...

...
...

...
...

...
...

...
...

...
...

1 Q∗
N S∗

N H∗
N L∗

N Q∗
2S

∗
N Q∗

NH
∗
N S∗

NH
∗
N L∗

NQ
∗
N L∗

NV
∗
N L∗

NH
∗
N S∗2

N H∗2
N


 β1

β2
...
βN

+

[ ε1
ε2
...
εN

]
=

[ y1
y2
...
yN

]
(3.2)

where yi is the ith observation and



ε1

ε2
...

εN


=



y1

y2

...

yN


−



ŷ1

ŷ2

...

ŷN


(3.3)

where ŷi is the regression predicted value.

The system of equations is solved for the β terms that best fit the model to the experi-

mental data. To ensure the accuracy of the model and to determine whether the calculated

β terms are appropriate for the measured data set, analysis of variance (ANOVA) is per-
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formed on each response model to approximate error variance and to determine its source.

3.2.2 ANOVA Methodology

ANOVA is a tool that compares the variance in two treatments and determines the proba-

bility that the two treatments belong to the same data set. It is also used to analyze error

estimates from regression models and predict whether the model accurately reflects the

data. In order to determine the goodness of fit, the sum of squares for the response degrees

of freedom (DOF), error DOFs and total DOFs are calculated respectively as follows:

SSR =
N∑
i=1

(ŷi − ȳ)2, (3.4)

SSE =
N∑
i=1

(yi − ŷi)2 =
N∑
i=1

ε2i , (3.5)

and

SST = SSR + SSE (3.6)

where ȳ is the average of the regression responses for the experimental treatments. SSR

represents the difference between the groups, SSE characterizes the variation within each

group, and SST describes the total variation. For an example case, suppose N data points

were obtained during an experiment, and a regression model with v unknowns were used to

describe the response. One DOF would be used to find the average response (ȳ), therefore

the number of DOFs required to find SSR would be v−1, and the number of DOFs required

to calculate the total variation (SST) would be N-1. Therefore, the remaining DOFs (N−v)

would be used to calculate SSE.

In the real experiment, sixty-nine observations were made, and Eq. 3.1 (v = 13

unknowns) was used to describe the response. Therefore, the DOFs to calculate SSR, SSE,

and SST were distributed as observed in Table 3.1. Once the sum of squares quantities
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were calculated, the Mean Sum of Squares for each DOF was calculated by dividing the

respective sum of squares by the number of DOFs used to calculate it.

Table 3.1: DOF summary for the porosity experiment

SS DOF MS

SSR v − 1 12 SSR
12

SSE N − v 56 SSE
56

SST N − 1 68 SST
68

After the sums of squares were calculated, an F-statistic (F ∗) was calculated for each

model based on the ratio of the Mean Sum of Squares from the regression and the error

respectively (F ∗ = MSR
MSE

), and the corresponding p-value (p) was calculated from the cu-

mulative distribution function (CDF) of the F-distribution such that

p = 1− Fv−1,N−v (3.7)

where F represents the F-distribution CDF. The p-value represents the probability that the

experimental data can best be described using the mean value of all the data or the prob-

ability that the treatment to treatment variation is the same. If this p-value is below 0.05,

there is sufficient evidence from the experimental data that the regression model represents

the data more appropriately than the mean of the experimental data. If the P-value is larger

than 0.05, there is not enough evidence to support this hypothesis.

The error sum of squares (SSE) may be examined more closely, and the source of the

variation may be determined to be from either pure (random) error or from lack of fit error

which is a result of an insufficient modeling technique. The sum of squares for pure error

(SSPE) and the sum of squares for lack of fit error (SSLF ) terms sum together to equal the

SSE. In order to determine if the model is appropriate for the collected data, SSPE may be
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calculated as

SSPE =
N∑
i=1

M∑
j=1

(yi,j − ŷ,j)2 (3.8)

where yi,j represents the ith replicate in the jth PPP treatment and

SSLF = SSE − SSPE. (3.9)

The number of DOFs required for SSPE is given by

DFPE =
M∑
j=1

(nj − 1) (3.10)

where nj is the number of data points obtained for each treatment. The number of DOFs

required for SSLF is the difference between DFPE and the total number of SSE DOFs.

The mean sum of squares for pure error (MSPE) and lack of fit (MSLF ) can be calculated

by dividing SSPE and SSLF by their respective number of DOFs, and a corresponding F-

statistic can be calculated as the ratio of MSLF to MSPE . The corresponding p-value can

be calculated from the cumulative distribution function (CDF) of the F-distribution such

that

p = 1− FDFLF ,DFPE
. (3.11)

The p-value represents the probability that model error variation is not due to lack of fit

error or the probability that the model error variation is due to pure random error. If the

p-value is below 0.05, there is sufficient evidence to suggest that the lack of fit error is sig-

nificant, and the model used in the regression is inappropriate for the experimental dataset.

If the P-value is larger than 0.05, the error in the model probably occurs randomly and not

due to a lack of fit. Another value that is often used for reference is the R2 value which

represents the proportion of the variation which is explained by model. The maximum
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variation that a specific model will explain is given by:

R2 = 1− SSPE
SST

. (3.12)

A majority of the rest of the variation can be described by random error. The combination of

total regression ANOVA, lack of fit analysis, andR2 calculations can give a good indication

as to whether the proposed model sufficiently represents the experimental data. These

analyses were highlighted for each of the three models developed in this chapter.

3.3 Results and Discussion

In order to fully understand each PPP’s role in producing porosity characteristics and its

interaction with other PPPs, data from the two AM builds were analyzed via ANOVA and

regression analysis. This model was examined extensively, and the data was collapsed into

mechanism-based models that shed light on physical phenomena and their role in porosity

formation.

3.3.1 Pore Distribution Quantification

It will be important for subsequent studies to identify the key characteristics of the pore

size distributions, so some brief observations will be made here. Once the pore size data

was compiled for each specimen, histograms were prepared of the pore sizes, and appro-

priate probability distribution functions were fit to the data. It was observed that a large

majority of the observed pores exhibited very small diameters and that number of pores

decreased significantly as size increased as observed in Figure 3.3. Therefore, a lognormal

distribution was selected to represent each porosity distribution. A probability plot was

examined for each distribution to verify that the distribution did indeed reflect a lognormal
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distribution. The choice of distribution type was confirmed based on these observations.

(a) (b)

Figure 3.3: (a) Typical lognormal distribution observed for diameter and (b) its lognormal
probability plot showing the diameter distribution follows a lognormal trend

Figure 3.3a shows qualitatively that the pore diameter histogram lines up with an

offset lognormal distribution where the offset accounts for the thresholding performed to

remove very small pores. Additional verification of the lognormality of the distribution

is observed in Figure 3.3b. An ideal lognormal distribution will follow the dotted line.

The majority of the experimental data does indeed follow this line with slight deviations in

the tails of the distribution. The tail deviations indicate that the minimum and maximum

pore sizes are clearly defined in this dataset which is contrast to the actual distribution.

The lower tail drops off at approximately 14 µm which is the threshold value used in

the experiment. The upper tail approaches approximately 34 µm which as the histogram

shows is approximately the same as the maximum pore diameter. For a larger dataset, these

tails should be examined more closely and conclusions should be drawn about the extreme

values of pore size in AM porosity distributions.

3.3.2 Qualitative Pore Observations

Initial observations of pore occurrences show definitive regions of process space in which

pores are more likely to appear in the components, but some regions exhibit elongated,
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Figure 3.4: Micrographs showing the porosity formation in a) the layer thickness compari-
son and b) the beam power comparison.

polygonal pores while others exhibit large circular pores. Between both experiments, there

was a single region in the center of the process space in which there was little to no porosity

observed. The porosity in the central region is very small and likely caused by entrapped

gas from the powder manufacturing process or small LOF regions where possible large

powder particles and/or random fluctuations of PPPs occurred during the component man-

ufacturing process. Example micrographs for both experiments are shown in Figure 3.4.

Figure 3.4a shows that lower VED regions exhibit more porosity than mid-range and

low VED regions, but qualitative comparisons between small and large layer thicknesses

and low and high powers show drastic changes in porosity content. Figure 3.4a exhibits

minimal porosity at the large hatch spacing/low speed and high speed/small hatch spacing

settings, but much larger porosity at the high speed/large hatch spacing condition. Further-

more, increasing the layer thickness seems to increase the porosity observed in the high

speed/large hatch spacing setting. It can also be seen that the porosity at large hatch spac-

ing settings transition from large polygonal pores to small spherical pores. In that low
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speed region, though, porosity is diminished by increasing the layer thickness and effec-

tively decreasing the VED.

Similarly, Figure 3.4b indicates a transition from large spherical keyhole porosity to

very small porosity to large polygonal LOF. Elevated power seems to show fewer, smaller

pores than nominal power specimens. At smaller hatch spacing settings, porosity gets much

smaller and is barely noticeable from a macroscopic view.

3.3.3 Porosity and Density Regression

A metric that has been used historically to define the quality of a build and describe the

porosity content within the components is component percentage density. Several methods

have been developed to measure this quantity, but the metallographic cross-section method

described herein allows for high precision measurements at multiple cross-sections. It is

flexible and inexpensive which makes it a good option, but it also limits the number of

measurements that may be taken due to the time-intensive nature of polishing, cleaning, and

imaging a large number of specimens. For this investigation, four cross-sections for each

specimen were obtained which totals between eight and twenty random cross-sections for

components manufactured via the same PPPs. This number of measurements per specimen

was considered sufficient to capture an average density value for each specimen. Eqs. 3.13,

3.14, and 3.15 give the equations obtained using least squares regression for mean density,

mean diameter, and mean circularity.

(3.13)
fDensity = 1.0852− 0.4962Q∗ − 0.2413S∗ − 0.1931H∗ + 0.6197L∗

+ 1.302Q∗S∗ + 0.9471Q∗H∗ − 0.6227S∗H∗ − 0.8547L∗Q∗

+ 0.0361L∗V ∗ + 0.0236L∗H∗ − 0.4674S∗2 − 0.2492H∗2
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fDiameter = −56.9983 + 229.9595Q∗ + 122.5746S∗ − 1.5402H∗ − 124.2101L∗

− 428.0683Q∗S∗ − 239.0156Q∗H∗ + 152.8604S∗H∗ + 178.1882L∗Q∗

− 42.9649L∗V ∗ + 25.0858L∗H∗ + 160.4902S∗2 + 81.9233H∗2

(3.14)

fCircularity = 1.0774− 0.7111Q∗ − 1.1043S∗ − 0.5625H∗ + 0.7173L∗

+ 1.8206Q∗S∗ + 1.0462Q∗H∗ +−0.739S∗H∗

− 0.9885L∗Q∗0.7455L∗V ∗ + 0.3407L∗H∗ − 0.7155S∗2 − 0.2454H∗2

(3.15)

Total regression ANOVA and lack of fit analyses were performed for each model, and

the results are summarized in Tables 3.2, 3.3, and 3.4. Tables 3.2 and 3.3 show that for

Table 3.2: ANOVA summary table for Mean Density

SS DOF MS F p-value R2

Regression 7.48e-2 12 6.23e-3 16.9807 1.62e-14 0.8073
Error 2.05e-2 56 3.67e-4 - - -
Pure Error 1.84e-2 37 4.96e-4 - - -
Lack of Fit Error 2.18e-3 19 1.15e-4 0.2316 0.999 -
Total 9.53e-2 68 - - - -

Table 3.3: ANOVA summary table for Mean Pore Diameter

SS DOF MS F p-value R2

Regression 7620 12 635 15.42 1.189e-13 0.8515
Error 2306 56 41.18 - - -
Pure Error 1474 37 39.83 - - -
Lack of Fit Error 832.56 19 43.82 1.10 0.389 -
Total 9926.1 68 - - - -

both the density and diameter, the mean sum of squares of the regression (MSR) is much

larger than the mean sum of squares of the error (MSE) which indicates that at least one β

term in the model (other than the intercept term) is statistically greater than zero and that
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Table 3.4: ANOVA summary table for Mean Pore Circularity

SS DOF MS F p-value R2

Regression 0.5903 12 4.92e-2 9.8882 5.50e-10 0.8987
Error 0.2786 56 4.97e-3 - - -
Pure Error 0.0880 37 2.378e-3 - - -
Lack of Fit Error 0.1906 19 1.003 4.217 8.933e-5 -
Total 0.8689 68 - - - -

the model is non-trivial (i.e. it represents the data better than an average of all the data). The

certainty of this conclusion is demonstrated by a p-value very close to zero. Any p-value

less than 0.05 indicates that the model is non-trivial. Further evaluation of the error sum

of squares for mean density shows that the pure (random) error for each DOF (MSPE) is

approximately four times larger than the lack of fit error (MSLF ). This results in a p-value

(0.999) which indicates that there is less than a 1% chance that the error variation is due to

a lack of fit. For the mean pore diameter, MSPE is almost equal to MSLF which results

in a p-value of 0.389. This means that there is a 38.9% chance that the error term variation

is not due to model lack of fit (i.e. There is a 61.1% chance that the error term variation

is due to pure random error.) While these numbers are not convincing from an intuitive

standpoint, the statistical interpretation is that there is not enough evidence to support the

hypothesis that the error observed between the mean diameter model defined by Eq. 3.14

and the experimental data is due to lack of fusion. Therefore, it must be assumed that the

error is due to pure, random error. For both models, the R2 calculation indicates that the

proportion of the response variation that the model will describe is greater than 80 %, and

the rest of the variation may be described by random error in the response.

Similarly, Table 3.4 shows that the probability that all of the β values in Eq. 3.15 are

effectively zero is very low. Indeed, the p-value indicates that there is evidence to support

the hypothesis that treatment to treatment variation is accounted for in the model. Further

examination of the error, however shows that the MSLF is much larger than MSPE . In

fact, the p-value indicates that there is almost no chance that the error observed between
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(a) (b)

(c) (d)

Figure 3.5: Regression trends for mean layer density (a & c) and mean pore diameter (b &
d) for thick layers and high and low powers.

the experimental data and the model is due to lack of fit. Therefore, the model specified in

Eq. 3.15 is not appropriate to represent this data, and another model should be developed

to accurately represent pore circularity across process space.

The model form that was proposed in Eq. 3.13 leveraged the highest level terms

allowed by the number of treatments performed. Adding higher order terms would result

in overfitting the data and would increase the risk of mispredicting responses in regions

where experimental data does not exist. For this reason, until more data is available, pore

circularity will not be examined any further, and the following discussion will focus solely

on mean density and mean pore diameter.

Figure 3.5 shows the trends for both layer density and pore diameter as hatch spacing,
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speed, and beam power vary. Initial inspection shows that layer density does not seem

to depend on layer thickness according to the model. This is counter-intuitive because an

increase in layer thickness has been connected with increased porosity [27] because the

amount of material that must be melted to fuse the current layer to the previous layer is

much greater. If the melt pool region does not fully penetrate the powder into previous

layers, LOF porosity will occur. In contrast, if the powder layer is too thin, it is possible

that over-melting will occur and keyhole porosity will develop.

One possibility for why the model does not predict a change in layer density for dif-

ferent layer thicknesses is that the measured data for one of the layer thickness settings

does not extend as far as the data from the other thickness setting. The low layer thickness

build was designed with a very narrow spread of hatch spacing and scan speed settings

compared to the high layer thickness build. Both experiments were centered around the

nominal settings, and the component densities measured within a small radius of the ex-

periment center were very close to 100% dense as can be seen in Figures 3.5a and 3.5c. A

significant decrease in density did not occur until the settings reached their extreme values

(High Speed-Large Hatch Spacing, Low Speed-Small Hatch Spacing). If the first exper-

iment had contained a much wider range of beam settings, the layer thickness may have

played a much more prevalent role in this component density model.

In general, however, Figures 3.5a and 3.5c (obtained from Eq. 3.1) show expected be-

havior. Component density stays relatively constant at about 100% dense from the top-left

to bottom right. This is intuitive because an increase in speed will reduce the melt pool

width. In order for the density to remain constant, the hatch spacing must also decrease to

maintain a similar melt pool overlap. Additionally, interaction effects can easily be seen

between the scan speed and hatch spacing settings. For low speeds, increasing hatch spac-

ing increases density while at high speeds, increasing hatch spacing decreases component

density. Similarly, for large hatch spacings, increasing speed decreases the density of the

component, and for small hatch spacings, increasing speed increases the component density
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up to a certain point, beyond which the density begins to decrease again as speed continues

to increase. This last interaction clearly shows the transition from LOF porosity to fully

dense material to keyhole porosity.

Pore diameter shows a similar trend to layer density where the optimum region tra-

verses the plot from the top left to the bottom right. This trend is also intuitive because an

increase in speed will reduce the melt pool width, and a decrease in hatch spacing is neces-

sary to maintain the overlap required for a fully dense component. Contrary to the behavior

observed in the layer density model, pore diameter is dependent on layer thickness. More

specifically, the average pore diameter increases as layer thickness increases from the low

to high settings. Figures 3.5b and 3.5d show the trend of pore diameter at a constant layer

thickness (high setting). The surface is increased slightly for the nominal layer thickness,

but for the sake of visualization, a single surface for each power has been displayed. The

linear dependence of pore diameter on layer thickness and power is assumed based on the

number of DOFs available, but a more in-depth study may indicate that the dependence is

actually non-linear.

Examination of Figures 3.5b and 3.5d shows clear transitions from mid-sized keyhole

induced porosity to large LOF pores, and both figures show a non-zero minimum point

which indicates that the as-built material never reaches 100% density. This may be due to

gas porosity that is captured in the material even at optimal PPP settings. This can occur

as a result of gas entrapped in the powder stock [77]. Gas porosity must be accounted for

in the design of structural components because defects have been shown to drive failure. It

has been seen, however, that small pore sizes do not necessarily cause a life detriment in

AM components because microstructural defects can dominate crack initiation [8, 9]. In

addition, there is evidence that a critical flaw size exists for a certain stress state such that

any pore below that critical threshold is not likely to cause catastrophic failure. El-Haddad

showed that some critical crack length (l0) exists below which crack non-propagation will

be dominated by the material fatigue limit behavior and above which crack non-propagation
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will be dominated by the SIF threshold of the material. Romano modified El-Haddad’s

critical crack length to include small crack effects of porosity [69, 74]. Therefore, incor-

porating gas porosity into a design framework is possible to increase the reliability of AM

components.

3.3.4 Melt Pool Shape Model

As mentioned in 2.3.1, Tang et al. proposed a density model that can predict LOF density

changes based on assumed melt pool dimensions. These dimensions were obtained from

the Rosenthal point source heat transfer solution. It is well known that the Rosenthal so-

lution, while useful for steady state assumptions, is limited in its application to transient

problems. It assumes pure conduction and neglects powder, phase change, and internal

convection effects on the melt pool geometry. Some of these deficiencies can be accounted

for through the use of a “fitting” variable (α) in which the variable is modified so that the

model melt pool dimension matches the experimental dimension. For this study, the initial

fitting value α = 0.57 was used based on previous work [14, 15].

If the melt pool is assumed to be a quasi-elliptical shape as proposed by Tang, moni-

toring the overlap of melt pools in both the vertical and horizontal directions as described

by Eq. 2.1 gives a usable criterion to determine what PPPs will produce LOF porosity.

To verify this assumption, Eq. 3.13 was combined with the Rosenthal solution. The low

power and high layer thickness setting was the only data subset which produced noticeable,

systematic LOF throughout the build. Therefore, only this setting was interrogated for this

model. The melt pool depth and width for the high power setting and a range of speeds

were calculated numerically from the Rosenthal solution, and the values for mean density

were calculated from Eq. 3.13 using the same power and speed values, a range of hatch

spacing values and a single layer thickness value. The metrics H
W

and L
D

were calculated

and the values from Eq. 3.13 were plotted as a function of these two metrics as shown in

Figure 3.6. In this investigation, the value of D was determined to be the distance from the
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top of the melt pool to the bottom of the melt pool and assumes that the powder layer is

included in the melted material. This differs from Tang’s approach in which the depth of

the melt pool was comprised of the melted substrate depth and the added material depth.

Figure 3.6: Mean density as a function of hatch spacing to width and layer thickness to
depth as calculated by the Rosenthal solution assuming a low power setting, a high layer
thickness setting, and varying speeds and hatch spacing settings (fitting variable α = 0.57)

A black contour representing Eq. 2.1 was overlaid on the plot such that all data be-

tween that curve and the upper right corner of the plot signifies the LOF zone. Tang’s

criteria appears to predict the threshold for LOF porosity reasonably well.

One weakness of this method is that the predictor is a simple approximation. The

Rosenthal solution does not take melt pool to melt pool interactions, surface tension, or

powder effects into account, so it is difficult to obtain an accurate representation of melt

pool shape and pore density for a wide region of process space. An improvement that

could be made in future work is to observe the actual melt pool size and perform a fitting

operation to the Rosenthal model to more accurately represent the melt pool size across

process space. In spite of this, Tang’s criteria does provide a first-order approximation

which provides some insight into LOF production in AM material.

One observation that is easily made in the melt pool shape context, however, is that

LOF porosity relies on H
W

and L
d

which interact with each other. Therefore, LOF can occur

in three different modes, and the LOF mode observed depends on the interaction of these
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two terms. The LOF modes are identified below:

1. A melt pool that does not reach a sufficient depth to melt the entire powder layer

( L
D
→ 0)

2. A melt pool that does not have sufficient lateral overlap due to the hatch spacing

being too large (H
W
→ 0)

3. A combination of the previous two modes

Each of these LOF types obtained from non-optimal PPPs introduce distinct material struc-

ture that are detrimental to properties and mechanical performance of a component. Insuf-

ficient melt pool depth produces planar LOF which poses significant mechanical property

and performance detriments to components in both tensile and shear loading conditions.

Additionally, planar pores can be very difficult to detect using NDE because they are typi-

cally very thin. Excessive hatch spacing distance can cause linear, polygonal LOF perpen-

dicular to the build direction which can easily initiate and propagate cracks in fatigue. A

significant amount of LOF occurs due to stochastic or unintentional PPP variation during

the build process. Disturbances in the powder layer change layer thickness; machine hy-

giene and atmospheric conditions vary the powder absorptivity which changes melt pool

dimensions; and component size and build order change the amount of thermal energy

stored in the previous layers. Each of these observations induce LOF porosity through a

combination of H
W

and L
d

variations.

3.3.5 VED Model

The VED model has been used extensively to describe the amount of energy being put into

the system. It has been observed that modifying the VED of a process effectively changes

the output quantity of interest including microstructure size, component density, and ma-

terial properties and performance. Typically, comparisons are made by holding all but one
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variable constant and making VED a function of only one variable. It can be seen from

Figure 3.7 that as a function of multiple variables, the density values do not converge to a

single curve. This indicates that generalizing the structure-properties-performance relation-

ship based on this metric does not necessarily give insightful information (e.g. Constant

VED induced via several combinations of process parameters does not provide the same

mean component density.)

Figure 3.7: Mean density with respect to VED as obtained from Eq. 3.13

Figure 3.7 shows, however, that reducing the VED equation to a function of two vari-

ables (Speed and Hatch Spacing) reduces the scatter band significantly. Taken as a whole,

the data presented in Figure 3.7 gives no observable trend, but separating the data with re-

spect to the power and layer thickness settings (as visualized by the different colors) shows

a much more meaningful trend. Each data series in 3.7 shows less variation in density

at lower VEDs compared to the higher VED measurements. This could indicate that a

functionally reduced VED metric could be reasonably applied to predicting material struc-

ture, properties and performance in low-VED processing applications. This observation

supports prior work. Keyhole mode melting is not easily modeled or observed using this

framework because it does not account for the material behavior which is integral to the

keyhole threshold.
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3.3.6 Normalized Enthalpy Model

King’s thermodynamics-based normalized enthalpy model, (Eq. 2.2) on the other hand,

has been shown to accurately predict the formation of keyhole mode melting for single

bead geometries. An attempt has been made here to apply this model to bulk components

and determine its utility in predicting porosity for geometries other than single beads. The

material properties for alloy 718 were collected from multiple sources [45, 78] and are

tabulated in Table 3.5.

Table 3.5: Material properties for calculating normalized enthalpy

Material Density (ρ) Specific Heat (c) Thermal Conductivity (k) Melting Temperature (Tm) Boiling Temperature (Tb) Spot Size (σ)
9316.33 kg

m3 673.56 J
kg−K 28.56 W

m−K 1533 K 2500 K 70 µm

The material density, specific heat, and thermal conductivity were obtained for the

solidus temperature, and the boiling temperature of the alloy was approximated to be the

boiling temperature of nickel at atmospheric pressure. This element was chosen because

it is the main elemental component of the material and has the lowest boiling temperature

of the four major elements in the alloy. The absorption factor (α) was approximated to be

0.57 as in the Rosenthal conduction model.

The normalized enthalpy model is similar to the VED model in that it combines the

effects of multiple process parameters into a single quantity to frame the results in light of

a thermally related metric. It is significantly different, however, because the VED metric

does not take thermodynamic or material properties into account. By incorporating these

terms into the model, the stability of the melt pool can be examined more closely. In the

case of the experiment described above, the density can be investigated with respect to the

normalized enthalpy and the hatch spacing as shown in Figure 3.8.

It is observed that increasing enthalpy at large hatch spacings decreases the density of

the component slightly, but this decrease is magnified at lower hatch spacing settings. This

occurs before the threshold described in Eq. 2.2, but can potentially be attributed to keyhole
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(a) (b)

(c)

Figure 3.8: Mean Density surfaces plotted with respect to normalized enthalpy and nor-
malized hatch spacing. a) Low Power, High Hatch Spacing; b) High Power, High Hatch
Spacing; c) Low Power, Low Hatch Spacing
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mode melting. It is seen that the threshold for the alleged keyhole melting decreases with

a decrease in hatch spacing. This is intuitive from the model’s assumption that the melt

geometry is a single bead (i.e. an infinitely large hatch spacing). As the hatch spacing gets

smaller, this assumption breaks down, and a lower enthalpy is required to cause overmelting

and keyhole mode melting. The black circles represent the experimental data. Currently,

there is little data to verify that the decrease in density predicted above is due to keyhole

melting, but the trend is intuitive. Therefore, the criteria for keyhole melting described

above must be modified such that the threshold value becomes a function of hatch spacing.

Power and layer thickness effects are clearly observed as well. Increasing power as

seen in Figures 3.8a and 3.8b increases the amount of keyhole porosity observed at the

same values of layer thickness and speed, and increasing layer thickness as seen in Figures

3.8a and 3.8c does not significantly effect the response surface in this region of process

space.

3.4 Conclusion

In this investigation, explicit relationships between several PPPs and material structure have

been established for LPBF alloy 718. These relationships, while specific to the experimen-

tal data collected here, establish trends that can be applied to other materials and processes.

It has been shown that component density can be an appropriate metric for determining the

approximate average pore size within a component, but data correlating the two quantities

must be obtained in advance. It was shown that both density and pore diameter trends

exhibit an optimal region and two non-optimal regions. These non-optimal regions corre-

spond to LOF porosity and keyhole mode porosity. Pore circularity, however, showed no

significant trend with process parameters for the models applied, so further work must be

performed to determine how pore shape changes throughout process space.

Three models cited in the literature have been explored over the wide region of process
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space used in the experiment to determine their utility in predicting porosity in bulk compo-

nents. It was found that the melt pool shape and the absorbed VED quantities are amenable

to LOF prediction applications, but due to the assumptions used in the respective models,

they should be used with caution as first-order approximations of the true behavior. Al-

ternatively, the third model, normalized enthalpy, is applicable to predicting keyhole mode

porosity in bulk components as well as single bead geometries, but a modified threshold

must be appropriated such that the hatch spacing PPP is taken into account.

Three models have therefore been verified for use in predicting porosity throughout

AM process space, but a single model in and of itself is limited in its usefulness. It is only

through meshing multiple models together that the entire process space can be more ade-

quately characterized and porosity size characteristics from both LOF and keyhole mode

melting can be predicted.
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Life Prediction of Additive Components

Based on Pore Size Distributions

4.1 Introduction

Many studies have shown that material properties of AM materials differ significantly from

wrought materials [79], and AM components may exhibit notable scatter due to the large

number of variables that influence the PSPP outcomes [80]. It is well known that the

processing of an AM material from raw powder to final heat treatment dictates the material

performance in a given application [36, 81]. The thermal history of an AM component has

bearing on a wide range of material characteristics including microstructure [21, 22, 82],

residual stress [83], and porosity [84, 85].

Porosity is known to dictate fatigue performance in many traditional materials. In cast-

ing, micro-porosity and shrinkage porosity were shown to act as stress concentrators which

lead to crack initiation and failure [86, 87], and quantification of porosity distributions was

shown to provide sufficient information to predict component life using statistical methods

[88, 89]. Similarities in porosity observed in both casting and AM materials indicate that

historical methods may be used to characterize the porosity content in AM components.

Beam power, raster speed, hatch spacing, and layer thickness have been varied to ex-

plore the mechanism for developing porosity in AM. It has been shown that different types
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of porosity are developed by manipulating these PPPs, and that controlling the quantity,

size, and morphology of porosity populations can be achieved [84]. This chapter utilizes

four PPPs (power, speed, hatch spacing, and layer thickness) and multiple scan strategies

that are known to influence porosity content, and explores the PPP space to further develop

the understanding of the PSPP framework in relation to fatigue life of AM components.

The parameters are varied to obtain various porosity distributions and the porosity is sub-

sequently related to the fatigue life.

4.2 Materials and Methods

This chapter brings together data from two different experiments that will provide further

insight into the PSPP model for AM materials from different material and processing pedi-

grees. In the first experiment, three scanning strategies (SS) were used, and in the second

experiment, three PPP settings were used to explore the effect of processing changes on

the formation of porosity. In both of these experiments, the internal porosity was measured

using computed tomography (CT), and predictions were made based on these observations

and the application of crack growth theory. The CT measurements were obtained using

a North Star Imaging X-View X-50 machine. A summary of the experimental design is

provided in Table 4.1 where A, B, and C denote the three SS and PPP settings for their

respective experiment.

Table 4.1: Overview of Experiment

Machine Concept Laser M2 Cusing EOS M290
Setting Name SS-A SS-B SS-C PPP-A PPP-B PPP-C

Power 370 W 285 W
Velocity 700 mm/s 1000 mm/s 1150 mm/s 1400 mm/s

Hatch Spacing 0.13 mm 0.120 mm 0.110 mm 0.055 mm
Layer Thickness 0.050 mm 0.020 mm

Scan Strategy Continuous CL Stripped Island EOS Striped
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4.2.1 Experiment 1: Scan Strategies

The components produced for the scan strategy study were manufactured using a Concept

LaserTM (CL) M2 Cusing LPBF machine. Alloy 718 powder was used to construct five

rectangular bars on a 316L stainless steel plate. Three different scan strategies were used

including CM, SM, and IM. In CM, the beam scans across the entire part in a continuous

raster while in SM, a strip of width 5 mm creates multiple raster patterns across the width

of the part. In IM, 25 mm2 squares are melted at random across the entire component cross-

section. For each powder layer, CM and IM undergo a 1 mm layer shift and a 90 degree

layer rotation. CL’s layer exposure technique also incorporates a skin and core strategy

where the skin and core regions are exposed differently. The skin is exposed every layer

under one PPP setting, and the core is exposed every other layer under a different PPP

setting. The core material controls the fatigue performance of the component because the

skin material is machined off, but it must be noted that the 50 µm shown in Table 4.1 is

actually two 25 µm layers of powder that have been deposited on top of each other and

subsequently exposed.

For this experiment, the core beam settings, power, speed, hatch spacing, and laser

spot size, were held constant for each component as shown in Table 4.1. The components

were stress relieved on the plate according to ASTM F3055 [19], EDM’d from the plate,

and solution annealed and aged according to AMS 2774 [56]. Each component was ma-

chined into a round fatigue bar within the ASTM E466 standard [90], low stress ground to

final dimensions (see Figure 4.1), and electro-polished to a mirror finish. The machining

removed the entire skin region in the gage section and left the core material for testing. The

gage section of each specimen underwent CT measurements with a 14 µm/voxel resolution,

and the ImageJ (v. 1.5H) software package [76] was used to process these images and to

measure the observed pores.

57
DISTRIBUTION STATEMENT A. Approved for public release. Distribution is unlimited; PA Clearance Number: (88ABW-2020-0622).



Figure 4.1: Fatigue specimen geometry based on ASTM E466 round, constant gauge sec-
tion diameter specimen design

4.2.2 Experiment 2: Primary Processing Parameters

The second experiment was performed using an EOS M290 LPBF machine. Alloy 718

powder was used to construct eight rectangular bars on a 316L stainless steel plate. This

experiment was to demonstrate the relationship between PPPs (power, speed, and hatch

spacing), porosity content, and resulting fatigue life of AM components. Three different

PPP combinations (see Table 4.1) were specified. For this experiment the stripes scan

strategy was used for all bars and the beam settings were modified. The porosity in the

gage section was measured using CT, and the images were analyzed via ImageJ using the

same procedure as Experiment 1.

4.2.3 Raw Material and Processing

Two different powder pedigrees were used for the two experiments. The powder used in the

scan strategy study had been reused approximately 10 times at the time of the build while

the powder used in the PPP study had been lightly reused (<5 times). The powder mor-

phology for both batches was observed in a NanoScience Phenom XL scanning electron
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microscope. Irregularly shaped powder particles with multiple satellites were observed in

both powder batches (Figure 4.2). Diligent sieving procedures and enclosed powder hop-

pers ensured that large powder particles were removed and the contamination level was

kept low for both batches.

(a) (b)

Figure 4.2: Powder samples obtained from a) the SS Experiment and b) PPP Experiment.

Post process chemistry analyses were performed for five samples from both experi-

ments, and the chemical composition for each of those specimens was determined using

wet chemical analysis (Table 4.2). A representative specimen for PPP-A was not available

for chemical testing at the time of the procedure, so this measurement was omitted from

consideration. The chemistry of the components for each experiment were found to be

within the specifications for alloy 718. Due to the consistency of the chemical composition

for each of the tested components, it is assumed that the PPP-A’s chemistry is consistent

with the other components.
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Table 4.2: Chemical Analysis of Manufactured Components

Al B Cr Cu Fe Mn Mo Ni+Co Nb+Ta P Ti C S
Nominal 0.5 <0.006 19.00 <0.3 18.00 <0.35 3.05 Bal. 5.15 <0.015 0.9 <0.08 0.015

SS-A 0.51 <0.002 19.68 0.060 18.55 0.055 3.19 Bal. 5.09 3.1e-3 1.09 0.037 2.30e-3
SS-B 0.55 <0.002 19.35 0.062 18.36 0.013 3.21 Bal. 5.06 3.1e-3 1.07 0.036 2.60e-3
SS-C 0.54 <0.002 19.58 0.061 18.34 0.056 3.24 Bal. 5.04 3.3e-3 1.06 0.036 2.45e-3

PPP-B 0.51 <0.002 18.83 0.069 18.34 0.059 3.25 Bal. 5.06 3.3e-3 1.15 0.039 3.01e-3
PPP-C 0.52 <0.002 18.24 0.064 18.20 0.020 3.24 Bal. 5.08 3.2e-3 1.14 0.037 3.11e-3

4.2.4 Fatigue Testing

After quantifying the porosity in each specimen, load controlled, axial, room temperature

fatigue tests were performed with a 100 kN MTS servo-hydraulic load frame. The maxi-

mum stress was set to 900 MPa (130 ksi) with a load ratio R = 0.1 . Each specimen was

fatigued at a linear frequency of 20 Hz until catastrophic failure occurred.

4.3 Results and Discussion

4.3.1 Experiment 1

Using image slices from the CT measurements, the porosity data were collected. For each

pore, the cross-sectional area was measured, and the effective diameter was calculated. For

all the slices the collective pore diameter distribution was constructed. Diameters under

14 µm were removed from consideration to account for image processing artifacts and to

discard any pores smaller than the threshold crack length obtained from Konecna. Further-

more, it is assumed that fatigue failure is driven by “worst-case” phenomena, so the largest

pores are expected to have the most significant effect.

Examination of the pore measurements show that the porosity content drastically

changes with different scan strategies. This is illustrated in Figure 4.3 which shows the

cumulative distribution function (CDF) of the pore size for each component. This function

shows the percent likelihood that a certain pore size will occur within a given specimen.

The red lines represent SS-A, the blue lines represent SS-B, and the green line represents
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SS-C. The same scan strategies group together with SS-A exhibiting the smallest aver-

age porosity and SS-B exhibiting the largest average porosity. Qualitative observations

show that in general, the pore morphologies for all of the components were large and

spherical which indicates that over-melting of the material may have occurred because

of non-optimal PPPs. The component porosity content indicates that the components man-

ufactured via the SS-A strategy will perform better than components manufactured via the

other two scan strategies because of the smaller maximum pore size. In addition, the aver-

age CT slice density was calculated for each component. Components manufactured with

the same scan strategy exhibited similar slice density distributions, and although the aver-

age density for each component was above 99.9%, significant differences among the scan

strategies were observed such that SS-A exhibited the highest average density, and SS-B

exhibited the lowest average density. In comparison, the average density and the pore size

distributions correlate with each other which is intuitive. The fatigue life prediction was

Figure 4.3: Cumulative Distribution Function of pore diameter for the SS components

made based on the maximum stress intensity calculated for each component. The pore

diameter producing this stress intensity value was applied to Eq. (2.14) or Eq. (2.15) de-

pending on its distance from the surface. When comparing the predicted life to the actual
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life from fatigue testing, it was observed that estimating the fatigue life based on the largest

stress intensity gave predictions that consistently lie within a 2x scatter band when com-

pared to the actual component life. More specifically, it is seen from Figure 4.4 that SS-A

performed the best while SS-B and SS-C performed at levels similar to each other. This

behavior indicates that the life prediction method based on the porosity diameter distribu-

tions measured from the gage section of each component provides an accurate prediction

of fatigue life that can be leveraged to qualify components and identify design criteria for

AM components.
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Figure 4.4: Life prediction comparison to experimental life for SS components.

4.3.2 Experiment 2

A similar analysis, as described above, was performed for the PPP study components to test

whether the life prediction method can be used for components with different processing

pedigree. The cross-sectional area for every pore throughout the gage section was measured

from CT slices, and the pores under 14 µm diameter were again removed. PPP-A and PPP-

B, which were made using similar PPP settings, both exhibited significant porosity in the

gage section of each component. PPP-C, which was made with a much higher beam speed
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and a narrower hatch spacing, showed very little porosity. In general, the porosity content

and pore cross sectional area in this experiment was much smaller in comparison to the SS

components which is another indication that the parameter settings for the SS components

were not optimized for porosity content observed in the various scan strategies.

Using the data obtained from the two-dimensional CT slices, approximate fatigue life

predictions were calculated for each component, and the components were fatigued until

catastrophic failure occurred. Actual fatigue lives and life predictions were then compared

(Figure 4.6). It was observed that the life was severely underpredicted for each compo-

Figure 4.5: Cumulative Distribution Function of pore diameter for the PPP components

nent. This discrepancy indicates that the crack growth model developed by Konecna is not

representative of the PPP experiment material. Therefore, AM processing pedigree plays a

significant role in crack growth behavior. The components for both the scan strategy and

PPP studies were post-processed in the same way, but their original build processing con-

ditions were very different. The SS components were made with almost double the powder

layer thickness of the PPP components. This was partially counteracted by increasing the

beam power, speed, and hatch spacing for the SS components. Therefore, in order to under-

stand the performance of an AM component it is imperative to also understand the influence
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of PPPs and scan strategy on microstructure texture and phase development which dictate

crack growth behavior. This must be pursued in future work.

Further observation indicated that the PPP component fatigue lives were similar to the

lives of wrought components subjected to the same loading conditions [2]. Therefore, the

crack growth model for a half inch die forged alloy 718 plate subjected to a stress ratio

R = 0.05 was obtained such that the crack growth constants (C, n) = (3.0 ∗ 10−13, 3.89).

Implementing this new model significantly reduced the error in the life prediction, and

pushed each of the predictions to within the 2x scatter band as shown in Figure 4.6.

It is also seen in Figure 4.6 that PPP-C components significantly outperformed PPP-A
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Figure 4.6: Life prediction comparison to actual life for PPP components assuming
wrought (solid) and previously published AM (empty) crack growth behavior.

and PPP-B components as was hypothesized based on the component porosity size dis-

tributions. Additionally, PPP-A and PPP-B appear to perform similarly in regards to the

fatigue life. This is consistent with the porosity data shown in Figure 4.5 where the CDFs

of porosity diameter for PPP-A and PPP-B components are intermingled with each other.

Life prediction using porosity data from AM components manufactured via different scan

strategies and PPP settings is therefore feasible using two-dimensional data obtained from

CT measurements, but pre-existing knowledge of the materials’ crack growth behavior is
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required to obtain accurate predictions.

4.3.3 Fractography

The investigation above supports the hypothesis that stress intensities induced by pores

of various sizes heavily dictate the fatigue life of a component, and the maximum stress

intensity calculated from non-destructive measurements is useful in predicting the fatigue

life of additive components following a pre-determined crack growth behavior. To verify

the results above, a post-mortem examination of each component’s fracture surface was

performed.

Initial observations indicated diverse failure mechanisms among the entire population

of components including surface pores, pore lines, and brittle inclusions. Some components

did not appear to fail as a result of any of these mechanisms. A summary of the failure

mechanisms for each component is provided in Table 4.3, and images of representative

crack initiation locations are shown in Figure 4.7.

For the five SS components, only two conclusive failure mechanisms were identified.

One SS-B component exhibited a large spherical pore at the crack initiation location. Fur-

ther examination of the entire fracture surface revealed multiple large pores in straight lines

which may correspond to a strip intersection location. These anomalies were not observed

in the other SS-B component; however a larger number of observations must be made to

draw any conclusions as to why the pore lines were present in the component. The second

conclusive failure mechanism was a small pore at the surface of SS-C. The elongated pore

was very small compared to the pores mentioned before, but the life exhibited by SS-C

was nearly the same as SS-B. This could indicate that the pore was partially obscured from

view on the fracture surface or that local crack growth behavior was different from the

crack growth model. Crack growth experiments will reveal location dependence of crack

growth behavior and will shed light on the true crack growth behavior of these components.
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Table 4.3: Summary of fractographic observations and measurements

PPP Setting Fatigue Life Failure Mechanism Predicted Defect Size Observed Defect Size Post-Failure Life Prediction

SS-A
69,559 - 70.00 - -
79,904 Inclusion 59.39 41.24 44,119

SS-B
29,974 - 230.04 - -
39,079 Pore 119.62 53.52 40,340

SS-C 37,167 Pore 95.98 19.72 55,650

PPP-A
254,090 Pore 102.88 43.75 127,550
175,724 Pore 105.7 39.82 139,700

PPP-B
167,154 Pore 100.96 36.63 151,420
404,301 - 92.87 - -
111,791 Pore 112.87 33.49 165,070

PPP-C
346,635 Other 31.31 - -
308,118 Other - - -
430,679 Other 34.29 - -

For the PPP parts, it was observed that the lowest performing components failed at easily

observable pores, but the higher performing components were more ambiguous as to their

failure mechanisms. Figure 4.7 shows six fractographs each exhibiting a different failure

mechanism. One PPP-A component clearly showcases a pore at the initiation location, but

Figure 4.7: Fractographs obtained from the crack initiation locations for both experiments

the images shown for both PPP-B and PPP-C show ambiguous failure mechanisms which

may be twinning-induced failures. Both experiments showed that the pores observed in the

66
DISTRIBUTION STATEMENT A. Approved for public release. Distribution is unlimited; PA Clearance Number: (88ABW-2020-0622).



fractographs were typically smaller than those observed in the CT measurements. When the

crack growth life prediction approach described above was applied based on the observed

fracture surface porosity, the life predictions were different from the CT-based predictions,

but they were still within the 2x scatter band (see Figure 4.8). The difference between

CT-based predictions and fractography-based predictions may have been caused by local

crack growth behavior that caused deviations from the model for each scan strategy or PPP

setting. This is supported by the observation that components within PPP-A and within

PPP-B seemed to exhibit similar failure pore sizes and life predictions. Therefore, ini-

tial observations support the claim that components manufactured and processed under the

same pedigree will perform at similar levels because they contain similar porosity con-

tent. Furthermore, components manufactured and processed under different pedigrees may

not perform at the same level because an increase or decrease in porosity, not to mention

other microstructural features, will differ, therefore varying the crack growth behavior of

the components.
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Figure 4.8: Fractograph-based life prediction comparisons to actual life for components
which failed due to observable defects. Crack growth constants as described above were
used for each experiment.
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4.3.4 Response Surface Based Life Predictions

The mean pore diameter model developed in Chapter 3 may then be leveraged and applied

to the fatigue life prediction framework demonstrated here. Life predictions for a broad

region of process space may then be obtained and compared against experimental data. The

specimen geometry used above is assumed to undergo a cyclic stress range of 810 MPa (118

ksi). The pore diameter data collected in Chapter 3 was revisited, and the average standard

deviation for every measured pore distribution was calculated and assumed to represent the

global pore diameter standard deviation (sg) across the entire process space. This value

was calculated to be 21.2232 µm.

Using the calculated average pore diameter for each component (Eq. 3.13) and the

global standard deviation, a three-parameter lognormal distribution (logn[µ, σstd, dthresh])

was approximated such that

µ = log

 f 2
Diameter√

s2
g + f 2

Diameter

− dthresh (4.1)

and

σstd =

√
log

(
s2
g

f 2
Diameter

+ 1

)
(4.2)

where µ and σstd are the mean and standard deviation of the corresponding normal distri-

bution, and dthresh is the threshold value representing the smallest pore considered in the

investigation (14 µm). The lognormal CDF was used to define an approximate “worst-

case” pore for each component such that its diameter is in the 90th percentile of the entire

pore population. This value was assumed to be relatively conservative, but it may be mod-

ified to tailor the conservativeness of the life prediction exercise if the user so desires. Eq.

3.13 was then applied over the range of process space, and the life was calculated via Eq.

2.15 using the defined failure pore, and the wrought crack growth properties. A subset

fatigue life response surface for the low power, low layer thickness setting is portrayed in
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Figure 4.9. The response surface indicates an increase in fatigue life for areas of high den-

sity, and small pore diameter, and a significant drop in fatigue life for areas of both high

and low energy density corresponding to increased pore size and decreased density.

Figure 4.9: Fatigue prediction map based on the mean pore diameter model and a global
standard deviation constant for low power and low layer thickness settings

To validate the utility of this response surface method for life prediction of additive

components, predictions from the response surface were compared to the PPP components

described above and are exhibited in Figure 4.10 with a 2x scatter band. Figure 4.10 shows

that four of the components fall within the 2x scatter band which indicates an exceptional

life prediction. Four of the specimens fall outside and to the right of the scatter band which

indicates that the model under-predicted the life of the components. This result is still

acceptable because the prediction is conservative and will not result in premature failure.

There are several mechanisms that may influence the accuracy and uncertainty of the

life prediction response surface. Three of them are presented below:

1. Average pore diameter is a random variable which may change slightly among com-

ponents manufactured using the same PPP settings. This variation is not accounted

for in the above method.
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Figure 4.10: Comparison of calculated growth life predictions to experimental data for AM
fatigue components

2. The standard deviation of pore diameter may change functionally or stochastically

from specimen to specimen and among PPP settings. The global standard deviation

is a simplification that may need to be revisited for appropriate statistical analysis.

3. The 90th percentile pore diameter for each PPP combination was assumed to be the

worst case scenario, but it is probable that the failure-inducing defect at a given PPP

combination will be either larger or smaller than this standard pore diameter. This

variation will change the result and introduces uncertainty in the prediction.

Further analysis and application of Monte Carlo-based methods may address these mecha-

nisms, but the simplicity of the above method facilitates quick and sufficiently accurate life

predictions for axial fatigue of additive components.

4.4 Conclusion

The PSPP relationship for AM IN718 has been explored by characterizing the develop-

ment of porosity under different processing conditions and from two different machines.

The porosity within each component was measured and analyzed, and the influence of the
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porosity on the fatigue life of the components was measured which lead to several new

insights.

First, as was mentioned in Chapter 3, scan strategies and PPPs are important factors

that dictate the porosity content within AM components. Second, the porosity that is in-

duced by varying scan strategy and PPPs dictates the fatigue life of the machined AM

component. Third, non-destructive observation of component porosity can be leveraged

to accurately predict fatigue life. It has also been shown that predictions based on CT

measurements are similar to predictions based on fracture surface porosity measurements;

however, accurate life prediction can only be obtained, if the crack growth data of each

material system is known. Finally, the regression model for pore diameter developed in

Chapter 3 was applied to the developed life prediction framework, and a new life predic-

tion map for additive manufactured components was presented. This map was compared to

experimental fatigue life data, and it was seen that predictions were accurate and conserva-

tive for AM components. Mechanisms influencing the accuracy and uncertainty of the life

prediction model were also discussed.

This investigation is a “first of its kind” look at the comprehensive relationship be-

tween the processing, structure, properties, and performance of AM components with re-

spect to porosity. The results presented here provide significant insight into the behavior of

AM materials and represent a leap in understanding of AM processing and material perfor-

mance that can be used in the design of future components. With this new understanding,

AM processes can continue to be optimized for reduction of porosity and improved per-

formance, and design constraints can be developed to account for the intrinsic detriment

imposed by internal porosity.
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Alloy 718 Fatigue Baseline

5.1 Introduction

In light of the fact that PPPs play a significant role in defect formation, it is important to

illustrate how pores influence the fatigue failure of porous, AM components compared to

“defect-free”, wrought material. The insight provided by this investigation bridges the gap

between the structure and the properties and performance of the material, and this baseline

investigation will greatly inform future investigations of behavior of AM material in the

presence of defects and will shed light on defect tolerant design methodology development.

5.2 Materials and Methodology

To perform a baseline fatigue test of AM alloy 718 compared with wrought material, two

AM builds were performed on a Concept LaserTM M2 Cusing LPBF machine. Thirty-six

12.25 mm (0.5”) cylinders were manufactured to height of 95.25 mm (3.75”) for each build.

The process parameters are summarized in Table 5.1. The components were stress-relieved

Table 5.1: Process parameters for vertical fatigue bar builds

Power Speed Hatch Spacing Layer Thickness
Vertical A 370 W 700 mm/s 130 µm 40 µm
Vertical B 370 W 700 mm/s 130 µm 80 µm
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Figure 5.1: Fatigue Specimen Dimensions

on the base plate as described in [19] and heat treated off the plate as described in section

2.2.2. ASTM standard specimens [90] were manufactured from the AM cylinders to the

dimensions shown in Figure 5.1. Wrought alloy 718 rods of the same diameter were aged

in the same manner as the AM components (see section 2.2.2), and they were machined to

the same ASTM standard dimensions.

Fatigue testing was performed on an MTS 312.12 servohydraulic loadframe with a 100

kN (22 kip) load cell. Loading was performed axially under load control with a load ratio

R equal to 0.1. Each test was performed at a single stress level until failure or until runout

at 107 cycles. In the event of a run out, the cyclic stress on the specimen was increased,

and the fatigue test was continued at this stress until failure or run out. This “step-wise”

procedure was continued until catastrophic failure of the component. The fatigue stress

of a component having undergone a step test was calculated using the following equation

[91]:

σf = σi−1 + ∆σ

(
Ni

107

)
(5.1)

where σf is the fatigue strength at 107 cycles, σi−1 is the next to last stress step, ∆σ is the
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stress step size, and Ni is the number of cycles to failure on the last stress step.

Post-failure, the fracture surfaces of each specimen were removed with a high speed

saw and cleaned with isopropyl alcohol. The failure pores were observed using the Phe-

nom XL desktop scanning electron microscope and the projected area of each pore was

measured. Unfortunately, several specimens from the Vertical A batch were improperly

labeled, so failure pore measurements for these specimens were mixed up. Another set

of tests from the same data set were performed, and the fracture surfaces were carefully

labeled. Therefore, for S-N data every specimen is represented, but for pore measurement

data, only the specimens for which the fracture surfaces were properly labeled are repre-

sented.

5.3 Results and Discussion

The collected S-N data is displayed in Figure 5.2 for Vertical A (blue triangles), Vertical

B (red circles) and wrought (black squares) data sets. The blue, filled triangles represent

data from Vertical A for which correct porosity data exists, and the blue, empty triangles

represent data for which the porosity data was scrambled.

It can be observed that in the AM data there is significant scatter compared to the

wrought material. First glance indicates that neither Vertical A nor B exhibits superior

performance compared to the other, but both material systems exhibit a broad range of per-

formance compared to the wrought. Several components exhibit life similar to the wrought

material, but a majority of the AM components exhibit significant life debits which some-

times reach to up to a 99.9% difference in fatigue life between AM and wrought material

in HCF. In fact, the upper limit of the AM S-N data closely follows the wrought, and the

rest of the data falls below this curve. This observation indicates that the AM bulk ma-

terial behaves in a similar manner to wrought AM material, but some material structural

characteristic (i.e. defect) in the AM material initiates a crack sooner than in the wrought
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Figure 5.2: S-N data for Vertical A (blue triangles), Vertical B (red circles) and wrought
(black squares) data sets

material. Therefore, it is necessary to observe the defect sizes on the fracture surfaces to

determine how the defects interact with the applied stress to initiate and propagate a crack.

5.3.1 Fractography

Inital observations from fractography of the tested specimens show two obvious failure

mechanisms: LOF and twinning defects. These types of defects and other observations

are portrayed in Figure 5.3. LOF defects in these specimen lots are easily observable, and

exhibit two characteristics of note. First, the defects causing failure were often very large

sometimes on the order of five hundred microns in diameter (see Figure 5.3a and 5.3b).

Second, the pores causing failure were most likely caused by the layer thickness being too

large because the pores are very flat and laser track marks and unfused powder are observed

within these pores (see Figure 5.3b). For HCF and LCF failures alike, one feature that was

observed multiple times was multi-level fracture surfaces which were caused by defects

located at multiple locations along the length of the specimen (see Figure 5.3a) . Cracks

initiated at these defects, and the separate cracks coalesced during final failure resulting in
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(a) (b)

(c) (d)

(e) (f)

Figure 5.3: Representative fracture surfaces exhibiting features common to many of the
Vertical specimens. Each total fracture surface (a,c,e) is matched with its corresponding
failure location (b,d,f). For a,c,and e, the specimen diameter is 4.064 mm (0.16 inches).
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stepped fracture surfaces.

Five of the specimens tested did not exhibit pores at the failure locations (see Figures

5.3c-5.3f for examples). This indicates that even in the presence of pores in a material,

some microstructure-based defects (in this case twinning defects) can dominate the failure

of a component. Therefore, appropriate microstructural analysis is most likely necessary

to fully predict fatigue life of AM components. Another common occurence with compo-

nents experiencing HCF was a lattice-like pattern along the fracture surface which seems to

follow the scan strategy for the specimens (See Figures 5.3c and 5.3e). This pattern exists

probably because the crack followed the microstructure within the melt pool tracks leaving

behind the pattern observable via microscopy. Additionally, regions where the melt region

did not overlap sufficiently may have resulted in patterns of porosity throughout the melted

material. Further investigation must be performed to assess these observations.

5.3.2 Pore-Stress Interactions

Because almost every specimen failed due to one or multiple pores, it is necessary to an-

alyze the influence of both pore size and applied stress on the fatigue life. One way to

visualize this multi-dimensional problem is to modify Figure 5.2 so that the color of each

data point indicates the size of the pore which caused the failure. This new visualization

is shown in Figure 5.4. The first observation that can be made is that the specimens that

performed most comparably to the wrought material exhibited extremely small porosity,

and the specimens that performed poorly, exhibited relatively large porosity. Secondly, for

a given data set at a single stress, scatter in the data is explained well in light of the failure

pore size. For Vertical B, at a given stress state for a particular data set, the life of the part

increases as the failure pore size decreases. This trend is easily seen due to the number

of replicate experiments performed at each stress state. A similar trend is more difficult to

observe in Vertical A because stress level replicates are not available. It can be assumed,
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Figure 5.4: S-N data for Vertical A (triangles), Vertical B (circles) and wrought (black
squares) data sets where the data color represents the pore size in microns

however, that a similar trend may apply to Vertical A.

Since pore size and stress level obviously relate to final fatigue failure, it is intuitive

that combining pore size and stress level into a single term would effectively collapse the

scatter in the S-N data to a single curve. A common term that describes the localized stress

around a crack of a certain size is the SIF which for small pores is given by Eqs. 2.9 and

2.10 depending on where the pore is located in the specimen. Most failure pores for this

range of stresses occur at the surface of the specimen, so Eq. 2.10 most likely represents

a majority of the failure pores observed in this experiment. Therefore, the stress intensity

of the failure pore for each specimen was calculated such that ∆σ = 0.9σmax, and the

resulting dK-N plot was constructed (see Figure 5.5). The power function regression curve

and 95% confidence prediction bounds were overlaid on the data. In general, the scatter

in the data is completely reduced to a single curve in this form. This indicates that the

stress intensity of the failure pore is highly indicative of the life of the part. There is one

potential outlier that appears in the upper stress intensity region and falls slightly outside

of the 95% prediction bounds, but it does not appear to be far enough from the rest of the

data to warrant any concern.
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Figure 5.5: dK-N data for Vertical A (triangles) and Vertical B (circles) data sets where the
data color represents the pore size in microns

Close examination of the data and regression curve shows that the dK-N data follows

a two term power trend of the form ∆K = A(N)b + C where A, b, and C are the regres-

sion constants and N is the life of the part. For this particular material and data-set, ∆K

(MPa−
√
m) is given by

∆K = (7.910 ∗ 103)N−0.6784 + 5.192 (5.2)

In log-log space, the data trend begins with a very steep, negative slope, and as the number

of cycles increases, the trend flattens to an almost horizontal line similar to the fatigue limit

observed in many alloys. The horizontal asymptote that this curve approaches is given by

the regression constant C and describes the cyclic stress intensity for which a component

will exhibit infinite life. Another interpretation is that the C term represents the threshold

SIF for the material, and every point along the curve represents the initial stress intensity

due to a pore which will result in a specific fatigue life. These quantities may be referred

to as effective threshold stress intensities for finite life (∆Kth,Ni
) where the Ni subscript

represents the number of cycles to failure for that particular ∆K value.
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Because ∆Kth,Ni
is a function of fatigue life, and fatigue life due to a pore approaches

wrought properties as the size of the initiating pore decreases, a Kitagawa-based model

can be developed to predict fatigue life based on pore diameter and applied stress. First,

∆Kth,Ni
for a specified fatigue life is determined from Eq. 5.2, and the average fatigue

stress for that life is determined from S-N data for wrought material. The wrought material

data collected for Figure 2.4 is represented by the equation

σmax = (5.392 ∗ 103)N−0.1606 + 190.847 (5.3)

for lives up to 107 cycles where σmax is the maximum stress (MPa) in the cycle and N is

the total number of cycles to failure.

These two parameters can be applied to Beretta’s modified El-Haddad model such that

∆σw,Ni
= (1−R)σmax

√ √
A0,Ni√

A+
√
A0,Ni

(5.4)

where
√
A0,Ni

is √
A0,Ni

=

(
∆Kth,Ni

(1−R)σmax,Ni

)2
1

π
(5.5)

and ∆Kth,Ni
and σmax,Ni

refer to Eqs. 5.2 and 5.3 respectively evaluated at some fatigue

life (Ni). Therefore, the new finite-life El-Haddad model becomes a function of cyclic

stress, defect size, and cycles to failure. The resulting function is plotted in Figure 5.6 as

a contour plot. This plot shows that increasing life requires a decrease in cyclic stress, but

the decrease is sensitive to how large of a defect is in the component. For small defects,

the spread is relatively even, but as the defect size gets larger, the sensitivity of stress

range to fatigue life decreases with increasing fatigue life. Qualitative comparison of the

experimental data to the new modified El-Haddad model shows extremely good correlation.

While there is some overlap of fatigue lives in the experimental data with respect to
√
A
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Figure 5.6: Modified Kitagawa-Takahashi diagram for finite life prediction and Vertical A
and Vertical B data overlaid

Table 5.2: Critical pore size (
√
A0,Ni

) for several fatigue life decades

Ni

√
A0,Ni

(µm)
104 193.8
105 60.7
106 53.0
107 74.5

and cyclic stress range, it is clearly seen that the colors of the experimental data closely

resemble the colors of the finite life El-Haddad model contours.

From this model, the critical pore size (
√
A0,Ni

) at some fatigue life (Ni) can also be

obtained from Eq. 5.5. A tabulated list of some key critical pore sizes are compiled in

Table 5.2.

It is odd that the critical pore diameter decreases until 107 cycles at which point it

increases by about 50%. The reason this occurs can be found from closer examination of

Eqs. 5.2 and 5.3. At 107 cycles, ∆Kth,Ni
exhibits an almost horizontal slope indicating a

stress-intensity limit. For the data obtained, ∆σmax still has a steep, negative slope which

indicates that the fatigue limit for this material at load ratio of R = 0.1 is at a lower

stress. Therefore, while the second leg of the Kitagawa diagram corresponding to the stress
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intensity factor converges to a single slope as number of cycles increases, the fatigue limit

stress represented by the horizontal first leg of the Kitagawa diagram does not converge.

Therefore, the critical length (the intersection of the first leg and the second leg of the

diagram) will increase as the number of cycles increases beyond 107 cycles.

While this phenomenon is explained by the regression models, intuition is not satis-

fied. Alloy 718 will approach a fatigue limit as the number of cycles increases. This has

been seen in the literature and is exhibited clearly in Figure 2.4 for the load ratio R = −1.

It is probable that more data at lower stress levels will exhibit longer fatigue lives and reveal

the location of the fatigue limit of the material. When this is revealed, Eq. 5.3 can be up-

dated, and the critical value should continually decrease and converge to an ”infinite-life”

critical value.

5.3.3 Comparison to Prior Results

The conclusions from Chapter 4 indicated that while porosity plays a large role in deter-

mining the life of a component under stress, the crack growth behavior of the material

determines how quickly the failure pore grows to a critical length. Therefore, specimens

with significantly different crack growth behavior will exhibit significantly different fatigue

lives. Based on the results from this chapter’s investigation, though the additive material

appeared to exhibit fatigue behavior equivalent to wrought material with a pre-existing flaw.

Therefore, it is necessary to compare the performance of the components in Chapter 4 with

the performance in this chapter.

Recreating Figure 5.2 with SS and PPP component performance overlaid on the plot

(see Figure 5.7) shows that both SS and PPP fall within the range of fatigue lives observed

in the current investigation. Figure 5.7 shows that the PPP components exhibit life simi-

lar to that of wrought material while the SS components exhibit significantly reduced life.

The scatter exhibited by the horizontal specimens is much less than the scatter exhibited by
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Figure 5.7: Combined S-N data from PPP, SS, and Vertical data sets.

the vertical specimens. This indicates that the porosity distributions for the vertical spec-

imens are much wider than for the horizontal specimens which increases the variability

of the failure pore size. The difference between the lives of the SS components and the

PPP components (factor of 10) is relatively small compared to the scatter among the ver-

tical specimen lives (factor of 100). Since it was seen that the vertical specimens exhibit

properties similar to wrought material with an equivalent failure defect, it is certain that

some phenomenon not accounted for in the assumptions presented in Chapter 4 is causing

a disparity in the fatigue lives. First, a comparison of initial stress intensities should be ex-

amined to determine whether one set of specimens is getting a ”head-start” over the other

set.

Not every specimen exhibited a pore on the fractographic surface, so information from

the fourth column of Table 4.3 was utilized to approximate the failure defect size. Based

on those measurements, the initial SIF was calculated from Eq. 2.10 which is the worst

case SIF for a surface pore. These values are tabulated in Table 5.3. By overlaying the data
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Table 5.3: Summary of fractographic observations, measurements, and corresponding SIFs

PPP Setting Fatigue Life Predicted Defect Size ∆K (ksi
√
in) ∆K (MPa

√
m)

SS-A
69,559 70.00 7.08 7.78
79,904 59.39 6.52 7.16

SS-B
29,974 230.04 12.83 14.10
39,079 119.62 9.25 10.16

SS-C 37,167 95.98 8.29 9.11

PPP-A
254,090 102.88 8.58 9.43
175,724 105.7 8.7 9.55

PPP-B
167,154 100.96 8.5 9.34
404,301 92.87 8.15 8.96
111,791 112.87 8.99 9.87

PPP-C
346,635 31.31 4.73 05.2
308,118 - - -
430,679 34.29 4.95 5.44

represented in Table 5.3 on Figure 5.5 (see Figure 5.8), it can be observed that the horizon-

tal component data matches almost exactly with the vertical data. This evidence indicates

that the horizontal components do indeed exhibit the same material behavior in the pres-

ence of defects to wrought material and the vertical specimens. A question that must be

answered then becomes, why did the PPP specimens exhibit such different behavior from

the SS specimens? A partial answer to this question is quite possibly a simple explana-

tion which challenges a major assumption made in Chapter 4. The primary assumption is

that crack growth in these porous specimens follows the Paris power law. Examination of

Figure 5.8 shows that both PPP and SS SIF’s lie near the horizontal portion of the curve

which indicates that the initial SIF’s are near the threshold SIF for the material. Therefore,

small crack growth must be accounted for in the growth life prediction. A consequence of

neglecting small crack effects is that the initial crack growth rate for a flawed component

is significantly increased at smaller SIFs. Indeed, including small crack effects will signifi-

cantly increase the number of cycles necessary to grow a crack from a near-threshold small

crack to a failure sized crack. Additionally, larger pores, as observed in the SS study will

initiate in or near the Paris regime and will reach failure lengths significantly quicker than
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Figure 5.8: dK-N data for Vertical A (triangles), Vertical B (circles), SS (squares), and PPP
(diamonds) data sets where the data color represents the pore size in microns. Note the
Vertical A and B data sets represent pore data from the fracture surface, and SS and PPP
data sets represent pores from CT inspection.

those starting in the near threshold region.

In addition to near-threshold effects on small crack growth, crack path tortuosity and

roughness-induced crack closure effects must also be taken into account. Since dislocations

and small cracks traverse through grains in preferential directions dependent on grain orien-

tation, finer grained materials may experience significantly higher fatigue lives because the

crack encounters significantly more grain boundaries requiring it to change directions more

frequently than coarser grained materials. The frequency that a crack must change direc-

tions significantly impacts the roughness of the fracture surface. Several authors have found

that fracture surface roughness increases with increasing grain size [92–97]. Roughness-

induced crack closure effects occurs when the roughness of the fracture surface described

above prevents the two crack faces from closing completely. Therefore, the material does

not return to a “no-load” state, and an effective decrease in ∆K occurs which reduces the

rate of crack growth. Therefore, three different mechanisms could explain the difference in

number of cycles to failure between the three data sets: near threshold effects, crack path

tortuosity, and roughness-induced closure effects. Grain size and surface roughness, can be
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 5.9: Representative microstructure from the a-c) PPP, d-f) SS, g-i) Vertical data sets.
For images a-f, the build direction is vertical on the page, and the loading direction is out
of the page. For images g-i, both the build direction and the loading direction are out of the
page.

examined closer in the current investigation.

Images of the microstructure for each processing state were obtained from the tested

material. A portion of the test section was removed from the specimen after failure, and

it was mounted in graphite-based resin. Each specimen was polished to 1 µm and subse-

quently swabbed with Waterless Kalling’s No. 2 etchant [98] for approximately 40 seconds

to reveal the microstructure. Figure 5.9 shows that each data set exhibits different mi-

crostructure. The PPP specimens exhibit fine, columnar microstructure; the SS specimens
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exhibit coarse, columnar microstructure; and the vertical specimens exhibit fine, equiaxed,

and structured microstructure. The differences in microstructure can be explained by the

processing. The PPP specimens experience much lower powers and higher speeds com-

pared to the SS specimens. In general, lower energy density produces smaller grains. Ad-

ditionally, power is directly related to the thermal gradient of the microstructure [15], and

the thermal gradient controls the morphology of the microstructure [99] and the direction

that the grains grow. The SS specimens exhibit significantly elongated grains compared

to the PPP specimens which agrees with the elevated power experienced by the SS com-

ponents. The fine, equiaxed microstructure observed in the vertical specimens occurs due

to the direction of the grain growth. In the PPP and SS specimens, the build direction is

vertical on the page while in the vertical specimens, the build direction is directly out of the

page. The thickness of the grains for the vertical specimens is approximately the same size

as the SS specimens due to similar processing, but the morphology in this plane is signifi-

cantly different because of the difference in orientation of the specimens on the build plate.

Therefore, a crack that grows in the plane of the page, as demonstrated in the fatigue tests,

will experience significantly different crack growth behavior for each set of specimens.

This behavior is determined by the size and morphology of the microstructure which as

discussed above is directly related to the thermal processing of the material. Based on the

microstructural observations and qualitative grain size analysis, it was expected that the

SS specimens would exhibit the largest surface roughness followed by the PPP and verti-

cal specimens. Table 5.4 shows, however, that SS fracture surfaces exhibited the smallest

surface roughnesses and that PPP and vertical specimen fracture surfaces exhibited much

larger surface roughness values. These observations directly contradict observations found

in the literature which prevents satisfactory conclusions from being made with respect to

the current experimental data. What can be concluded from these observations is that sig-

nificantly different microstructure is exhibited among the three different data sets. It is well

known that microstructure size and morphology dictates crack growth behavior due to the
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Table 5.4: Average surface roughness measurements obtained from multiple representative
fracture surfaces in each data set. Sa is the average areal surface roughness, and Sq is the
average areal root mean square surface roughness [100].

Sa (µm) Sq (µm)
PPP 40.8 53.3
SS 31.5 40.8

Vertical 54.2 68.8

path a crack must follow to propagate throughout the material. Therefore, the best expla-

nation available at this time for why the three data sets behave differently from each other

is that the differences in microstructure size and morphology among the three data sets

dictates very different crack growth behaviors. The large, elongated microstructure from

the SS dataset allow the crack to propagate through the grains quickly with relatively few

direction changes, and the small microstructure observed in both the PPP and the Vertical

datasets create a more tortuous route for the crack to follow which increases the fatigue life

significantly.

5.4 Conclusions

In previous chapters, pore size effects on fatigue life were considered, but the effects of

applied stress and its interaction with the pore size was neglected. In this investigation,

both pore size and applied stress effects were examined. S-N data was obtained from two

different data sets, and several results were observed. First, it was seen that the scatter

seen in the S-N data was due to interactions between the applied stress and the pore size.

When these values were combined into a single stress-intensity term, the scatter was sig-

nificantly reduced, and the trend was fit using regression analysis to a two term power

equation. Next, based on the dK-N regression model and a regression model of wrought

S-N data, the El-Haddad model was modified to produce a new finite life prediction model

which is sensitive to both applied stress and defect size. This new model also indicates a
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threshold defect size for a given stress value for which the AM material will experience a

specified life. Therefore, non-destructive inspection of AM components can intelligently

look for defects greater than a critical flaw size based on this threshold value, a capability

that was previously not available. Third, the data analyzed in this investigation was com-

parable to prior work which indicates only slight variances in material properties between

material. These variances may be explained by significant differences in microstructure

size and shape between the three different data sets. It was seen that large-grained material

experienced shorter lives than equivalent material with smaller grains.
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Rapid Initiation and Growth Life

Characterization Through Compliance

Monitoring

6.1 Introduction

It has been seen in the previous chapters that the combination of flaw size and fatigue

growth properties of AM material dictates the time in which a component under cyclic

load will fail. Chapter 3 showed that changes in PPPs produce significantly different pore

distributions. Therefore material processing plays an important role in failure defect for-

mation, and probably the number of cycles a crack takes to initiate from a defect. Chapter 4

further illustrated that the different porosity distributions produced via various processing

methods indeed influence the fatigue life of the part, and assuming first cycle initiation and

Paris law crack growth, the fatigue life of a particular component can be predicted based

on supposed initial flaw size and the crack growth properties of the material. Chapter 5

showed that, at least for the material tested, fatigue lives exhibited by additive material

perform significantly worse than defect-free wrought material and that as defect size gets

smaller, the fatigue life difference between additive material and wrought material becomes

negligible.
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From the investigations presented in the previous chapters, four questions arise. First,

does crack initiation actually occur on the first cycle of fatigue, or does it occur later in the

life of a component? Second, is initiation stress and flaw size dependent? Third, do com-

ponents manufactured under the same processing conditions exhibit the same crack growth

properties? Finally how much does processing influence the crack growth properties of a

material?

All the questions above require some method to detect crack initiation to distinguish

between the crack initiation life and crack growth life of a component. Once these segments

of the total life are identified for each component, further analysis can reveal valuable

information that will enhance life prediction methods. Several techniques are available

for detecting crack initiation and monitoring crack growth including acetate replicas [101–

103], CT imaging [104–106], and thermal imaging [107, 108]. One quantity that may

be valuable to supplement these proven methods because of its ease of implementation is

component compliance. Cai et al. and Toribio et al. have developed numerical methods

to model how compliance changes relate to crack growth in round axial fatigue specimens

[109–113]. They have showed that as a crack grows through a component, the stiffness (k)

of the component (defined in Eq. 6.1) decreases to zero at final fracture.

k =
∆F

∆d
(6.1)

The compliance (λ) of a component is defined as the inverse of the stiffness or

λ =
∆d

∆F
(6.2)

where ∆d is the change in displacement from peak to valley of the cyclic load cycle, and

∆F is the change in force in the load cycle. Since the stiffness approaches zero as the crack

grows, the compliance approaches infinity as the crack grows. In the absence of a crack or
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other damage to a component, the compliance remains constant. As cyclic damage occurs

and a crack initiates, the compliance will slowly rise, and continue rising as the crack

grows. Monitoring this compliance signal throughout a fatigue test provides a method to

detect crack initiation. Once the signal begins to rise, a criterion can be established to

identify crack initiation, and distinguish between the number of cycles to initiate a crack

and the number of cycles to grow the crack.

6.2 Materials and Methods

In order to demonstrate that specimen compliance does indicate the damage state of the

material and to compare the new test method with other accepted methods of crack de-

tection, a set of redundancy tests were performed using both optical imaging and thermal

imaging. Four axial fatigue tests were performed using one-eighth inch thick rolled stock

flat aluminum specimens designed to fall within ASTM E466 standard specifications for

constant radius hourglass fatigue specimens (dimensions shown in Figure 6.1a). A FLIR

SC650 thermal camera monitored the thermal profile of the specimen throughout the test,

and two Allied Vision Technologies Prosilica cameras were used to monitor both sides of

the flat specimens for cracks as shown in Figure 6.1b. For the thermal measurements, it is

necessary for the cyclic force to be continually applied during measurement, so the energy

released during crack initiation and growth accumulates quicker than convective dissipa-

tion. For best results with the optical cameras, however, the component must be held still

to obtain a high quality image of small crack features. Therefore, the following work flow

was developed to accommodate the thermal, optical, and compliance initiation detection

methods. At the beginning of each test, the axial load on the specimen was set to zero,

and the axial displacement channel was zeroed. A pulse signal was sent to the thermal

camera system to trigger data acquisition, and cyclic loading began at a loading frequency
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(a) (b)

Figure 6.1: a) Redundancy test specimen geometry based on ASTM E466 flat, hourglass
specimen design, b) Redundancy test setup using an MTS 312.21 100 kN servohydraulic
loadframe with monitoring using both thermal and optical cameras.

of about 40 Hz. Throughout the test, a peak/valley detector was configured to collect force,

displacement, and cycle count data each time the detector detected a peak or valley in the

sinusoidal force signal. The thermal camera took an image approximately every twenty

cycles for two thousand five hundred cycles, and after the cycles were completed, the fre-

quency was reduced to approximately 0.1 Hz for 1 cycle. At the maximum load of this low

frequency cycle, the optical camera was triggered, and a single image was taken. The test

frequency then returned to 40 Hz, and the thermal camera was triggered and began acqui-

sition again. This cycle continued until final failure of the component occurred, at which

point the data acquisition was stopped. Once the test was completed, the thermal profile at

the location of the failure was compiled for each image step, and each optical image was

examined to determine when initiation occurred during the test. Once the cycle of initiation

was determined from the proven methods, the compliance signal was calculated from the

load frame force and displacement sensor data.

Once the testing using the redundant crack detection methods were performed, the
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Figure 6.2: Flowchart explaining the data collection procedure for optical and thermal
redundancy testing.

94
DISTRIBUTION STATEMENT A. Approved for public release. Distribution is unlimited; PA Clearance Number: (88ABW-2020-0622).



Table 6.1: Process parameters for vertical fatigue bar builds

Power Speed Hatch Spacing Layer Thickness
Vertical A 370 W 700 mm/s 130 µm 40 µm
Vertical B 370 W 700 mm/s 130 µm 80 µm

Figure 6.3: Fatigue Specimen Dimensions

fatigue data from the AM specimens described in Chapter 5 was analyzed in this investi-

gation. The processing and specimen information for both the Vertical A and B specimens

is recounted here for ease of access. The process parameters are summarized in Table

6.1. The components were stress-relieved on the base plate as described in [19] and heat

treated off the plate as described in section 2.2.2. ASTM standard specimens [90] were

manufactured from the AM cylinders to the dimensions shown in Figure 6.3.

For each specimen, the applied load, axial displacement, and cycle number was cap-

tured at the peak and the valley of each load cycle. From this data, the compliance was

calculated using Eq. 6.2.
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6.3 Results and Discussion

6.3.1 Compliance Method Development

The calculated compliance signal had a high signal to noise ratio which made observing

slight changes in compliance difficult. To remove some of the noise in the system, a mov-

ing, weighted linear least squares calculation was performed across the compliance data

stream using a first degree polynomial. This method of data smoothing was chosen because

of artificial compliance spikes which occured at the end of every twenty-five hundred cy-

cle group. These spikes were smoothed in the data using a first order linear least squares

smoothing function which was weighted over a span of neighboring data points to reduce

the influence of non-local data points. Further information about the smoothing process can

be obtained from Matlab’s documentation for filtering and smoothing data [114]. Figure

6.4 shows how the smoothing operation helped to reduce the amount of noise in the signal.

Once the compliance data was smoothed, a sample of the dataset was obtained from

the stable portion of the signal at the beginning of the test, and the average baseline com-

pliance value was calculated based on that sample. The percent change (pchg) of the total

signal was calculated from the baseline compliance value (λ0) such that:

pchg =
λs − λ0

λs
(6.3)

where λs is the smoothed compliance signal. Based on λs, a criterion was established, so

that initiation detection was based off of a standard compliance deviation from baseline. For

the redundancy test dataset, compliance-based crack initiation was defined as the approx-

imate cycle at which the smoothed compliance signal initially deviated from the baseline

compliance value. This method is not robust, and depends highly on the noise content in

the data: Lower signal to noise ratio data obfuscates slight changes in signal mean. For
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Figure 6.4: Compliance development throughout the duration of an axial fatigue test. Blue
data is the raw data, red data is the filtered data, horizontal line indicates a 0.3% change in
compliance compared to the baseline, and vertical line indicates the initiation cycle based
on the 0.3% threshold.

the analysis of the AM specimen fatigue data, a different criterion was adopted to provide

better repeatability between tests. A compliance percent change signal was calculated for

each compliance data point from Eq. 6.3, and a threshold was set such that crack initiation

was determined by a 0.3% change in compliance from the baseline value.

6.3.2 Redundant Verification of Compliance Test Method

For the tests equipped with redundant thermal and optical sensors, observed initiation from

the thermal and optical systems were compared to the initiation phenomena observed in the

compliance data. Thermally-observed initiation was based on a sudden temperature rise at

the failure location. After the test, a vertical line of pixels that intersected the failure loca-

tion of the specimen was designated, and time-based thermal data from that line of pixels

was collected. It was observed that a “gradient” artifact existed in the thermal data extracted
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(a) (b)

(c) (d)

Figure 6.5: Thermal history of failure location for compliance redundancy testing of four
specimens.

from the vertical line, but that gradient was consistent throughout the test. Therefore, the

baseline thermal gradient profile was calculated using linear, fourth order regression analy-

sis, and the baseline profile was subtracted from each subsequent thermal profile to enhance

slight, local changes in the thermal profile. The resulting time-temperature profile was col-

lected from each image in the last data series before failure, and the temperature at the

failure location was monitored throughout time as visualized in Figure 6.5. This figure

represents only the last 2500 fatigue cycles placed on each part. The x-axis for each im-

age represents the image identifier, and the y-axes represent the axial location along each

specimen. The first several data lines in this data set show thermal stability throughout the
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Table 6.2: Summary of detected initiation events for compliance signal, thermal images,
and optical images

Specimen Number Total Life Compliance Initiation Cycle Thermal Initiation Cycle Optical Initiation Cycle
1 78597 65000 78460 62500
2 59859 46420 59620 -
3 39735 31600 39620 -
4 94538 72578 94520 82500

length of the specimen up until the time of initiation and failure. At initiation/failure, the

temperature at the initiation site rapidly increases, and the temperature in the surrounding

region drastically increases at final fracture. This temperature rise is related to the strain

energy that is being released in the form of heat as the crack faces separate and grow and

as the surrounding material elongates.

Optical images were also taken periodically throughout the fatigue test on either side

of the specimen. These images were taken much less frequently than the thermal images

due to frame rate limitations of the cameras. For optical images, initiation was specified

when damage in the material could be observed. In some cases, this damage was visible

long before an actual crack was visible in the material.

Because optical and thermal images were taken at different times during the test, di-

rect correlation between data from each method is not possible. A comparison of the three

methods, however, makes clear that compliance detects initiation much earlier in the test

than both thermal and optical methods. Both optical and thermal acquisition systems are

limited in their field of view to one side at a time. For the case of flat, rectangular spec-

imens as used in the redundancy tests, four component surfaces must be monitored with

appropriate spatial resolution and temporal resolution to be able to detect a relatively small

crack at precisely the initiation cycle. In this test, only two sides were monitored. The

feasibility of obtaining the necessary data at the right location and time is less likely due to

computational, storage, and hardware limitations. Table 6.2 shows that generally, compli-

ance growth indicates initiation much sooner in the life than the thermal technique or the

optical technique. For small cracks, the SIF is very small. SIF is related to energy release

99
DISTRIBUTION STATEMENT A. Approved for public release. Distribution is unlimited; PA Clearance Number: (88ABW-2020-0622).



rate G,the amount of energy required to extend a crack, such that

G =
1− ν2

E
K2
I (6.4)

where ν is Poisson’s ratio and E is Young’s modulus [115]. Energy release through crack

extension propagates through the material in the form of heat which is observed by the

thermal camera. At small stress intensities the energy release rate is very small, so any

temperature rise produced by released energy is very small, and dissipates quickly into

the surrounding material and air. Therefore, thermal resolution is a limiting factor for the

thermal camera method. The optical method exhibits other limitations due to the size of

initial cracks. Additionally, in some cases cracks initiate inside the material or on surfaces

that are not easily monitored by the camera, so initiation is often unobservable at the macro-

scale.

Compliance, on the other hand, is very simple to calculate, and represents damage

occurring across the entire test region. Therefore, contrary to the thermal or optical obser-

vations which are limited by line of sight effects, compliance has no blind spots and can

detect initiation anywhere in the test region. Additionally, compliance requires no extra

sensors because it is calculated from data already available from most fatigue tests.

6.3.3 Vertical Specimen Initiation Analysis

Once the compliance method was shown to detect crack initiation more precisely and in-

expensively than other proven methods, load and displacement data from the vertical spec-

imens examined in Chapter 5 was aggregated and analyzed. Based on a relative change

of 0.3% from the baseline compliance, the crack initiation was detected from the compli-

ance signal and noted for each specimen. Failure defect size was also measured from the

fracture surface for each specimen, and the total number of cycles for each specimen at

the tested stress was noted. Additionally, the number of cycles for initiation and growth
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(a)

(b)

Figure 6.6: S-N plots for a) cycles to initiation and b)growth cycles to failure.

lives were collected. Figure 6.6 reflects the data trend observed in Figure 5.2 for total life

observations: high stresses tend to produce short initiation lives. Additionally, Figure 6.6a

shows a uniform amount of scatter of initiation life in logarithmic space while Figure 6.6b

exhibits larger scatter at higher stresses and generally smaller amounts of scatter for low

stress tests. These observations could indicate that initiation life is sensitive to pore size

while growth life is more sensitive to other factors.

One way to test this hypothesis is to include failure pore data in the image by chang-

ing the stress value to a stress-intensity based on the failure pore measurements observed

in Chapter 6. Figure 6.7 shows that the S-N data collapses onto a single curve when trans-
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(a)

(b)

Figure 6.7: dK-N plots for a) cycles to initiation and b)growth cycles to failure.

formed into dK-dN data for initiation life. The growth life, however does not collapse onto

a single curve, however the logarthimic representation of the initiation and growth quanti-

ties makes exact comparison very difficult. It can be observed however that crack initiation

is dominated by a combination of the applied stress and flaw size. The growth life, while

still dependent on crack size and applied stress, depends also on other random variables

which may include pore location and/or local grain structure, and microstructure texture

which all play a role in how quickly a crack grows through a material.

The literature has suggested that for components undergoing low cyclic stresses, crack

initiation accounts for up to 90% of the total life while in situations where high stresses oc-
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(a)

(b)

Figure 6.8: Percentage of total life spent initiating a crack from a flaw with respect to a)
maximum stress applied to component and b) maximum stress intensity experienced at the
failure location.

cur, initiation may account for less than 40% of the total life [116, 117]. For the Vertical

specimens, the percentage of the total life taken up by crack initiation as detected by com-

pliance was calculated for each specimen, and plotted in Figure 6.8a. This figure shows no

trend to indicate that initiation life percentage goes down as stress goes up. Figure 6.8b,

on the other hand shows that apart from a few outliers, the general trend of initiation life

with respect to stress intensity is to decrease as stress intensity increases. Therefore, for

larger flaws and higher stresses, the initiation life is significantly reduced to about 30%.

Conversely, for small flaws and low stresses, components exhibit initiation lives of about
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95-99% the total life. This observation falls in line with the literature. Therefore, it is prob-

able that the first-cycle initiation theory does not accurately represent the true behavior of

porous additive material behavior. Instead, a pore initiates a crack in direct relation to the

pore’s size, location, and applied stress. Then, depending on the local microstructure mor-

phology and texture, the crack grows according to some crack propagation behavior until

component failure.

Assuming that each component propagates a crack in a similar manner, the average

material behavior can be predicted using crack propagation models. The initial flaw size

is known from fractography, the final crack size is calculated based on the normal stress in

the ligament exceeding the ultimate strength of the material, and the stress intensity shape

factor is known from the defect location. The constants that are unknown are from the

crack growth model. Both the Paris law and the NASGRO equations were used to model

the growth lives of the Vertical specimens. Based on the initial flaw size and location and

the applied stress, the growth life of each component was calculated and compared to the

actual growth lives obtained from compliance monitoring. The crack growth constants

from both the Paris law and the NASGRO equation were modified to minimize the error

between the predicted and actual growth lives. These comparisons are shown in Figure

6.9. Figure 6.9a shows that the predicted lives group around the one to one line, but there is

significant scatter outside the 2x scatter band which shows that the error between the model

and the experimental data is relatively large. In the case of fatigue, however, it is probable

that the error in this calculation is acceptable because of the differences in microstructure,

pores along the crack path, and location effects on stress intensity. Figure 6.9b illustrates a

similar picture. Fewer data points are shown on this plot because of the average threshold

value used in the NASGRO model. Any initial flaws that produce a stress intensity below

the threshold value assumed by the model experience dramatically increased lives.

The scatter in the growth life comparison illustrates there is some inconsistency in

the way the growth lives are specified or modeled. Either, the growth lives determined by
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(a)

(b)

Figure 6.9: Comparison of actual component growth lives obtained from compliance mon-
itoring and predicted growth lives calculated from a) Eq. 2.13 and b) integration of Eq.
2.12.
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changes in compliance do not accurately represent the actual growth lives, or the average

model does not accurately represent each individual specimen (i.e. Each specimen exhibits

slightly different fatigue crack properties.) The first hypothesis does not seem probable

because redundant methods of crack detection were compared to the compliance crack

detection method, and compliance appeared to detect cracks significantly sooner than the

other methods. The second hypothesis must be investigated in the future. Currently, there

was not data taken during the tests to track the progress of the crack growth. In the future,

this exercise must be performed and compared to the compliance development. Once a

relationship is derived between crack length and compliance, the data presented above can

be in terms of serial number specific crack growth properties, and the differences in those

properties can be compared.

6.4 Conclusion

In this chapter, a method was adapted from previous literature to detect fatigue crack ini-

tiation in AM materials. It was shown that compliance (as defined in Eq. 6.2) remains

constant throughout a constant amplitude fatigue test, and once crack initiation occurs, the

compliance increases dramatically until failure of the component occurs. The crack initi-

ation event was monitored for several test cases using proven methods of crack initiation

detection including both thermal and optical imaging, and it was shown that the compliance

method of crack detection was much more sensitive than the other methods. In some cases,

compliance was able to detect initiation up to twenty-two thousand cycles before the other

methods.

Based on the number of cycles to initiation detected by compliance in the Vertical AM

specimens, it was shown that initiation life data followed a power trend with stress intensity

factor while growth life data did not. It was confirmed, however, that the percentage of the

total component life used to initiate a crack follows a loose trend with stress-intensity factor
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at the failure location which indicates that the percent of the total life used to initiate a crack

is related both to the stress applied to the component as well as the defect residing at the

failure location. Specifically, for high stress-intensity tests, the percent of the total life spent

in the initiation phase is approximately 25% while in low stress-intensity tests, that ratio

increases to close to 90%. These values are similar to previously published assertions, and

they indicate that the first cycle assumption for failure of AM materials is not true.

Based on the initiation life detection, it was shown that average crack growth prop-

erties can be determined from the growth life data based on initial and final crack sizes.

These approximations were found to contain some level of error, but it is believed that the

level of error is acceptable for this application. Future studies will work to use compliance

data directly to determine the serial number specific crack growth properties which can be

used to obtain statistically significant data sets in a relatively small number of tests.
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Conclusions

As part of this research, experimental investigations have been performed to quantify the in-

fluence of processing on the structure, properties, and performance of AM materials. These

investigations included observations of defect populations and their dependence on mate-

rial processing, fatigue life predictions based on porosity distributions, further observations

of applied stress and defect size interaction effects on fatigue life of AM components, and a

novel approach to crack initiation detection and rapid characterization of fatigue properties

of materials. Based on the results and subsequent analyses, the following conclusions were

drawn.

7.1 Summary

1. Porosity data was collected from a large number of specimens and regression models

were developed to describe the trends of pore size and pore density with respect to

four PPP variables: beam power, scan speed, hatch spacing, and layer thickness.

2. Pore regression model trends indicate an optimal process parameter region bounded

by two non-optimal regions. This trend corroborates previously observed phenomena

keyhole mode and LOF melting.

3. Three literature porosity prediction models were compared with the collected experi-

mental data, and it was shown that each have a different level of utility for predicting
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porosity in AM components

(a) Tang’s Rosenthal-based model can give a good first-order approximation of

which combinations of PPPs will produce LOF porosity. This approach, how-

ever, neglects the physics occurring as the melt pools overlap, and should be

further investigated to verify actual behavior.

(b) Volumetric Energy Density is a good rule of thumb for how porosity character-

istics will react to a change in a single PPP, but the effects of each individual

PPP are confounded in the final calculation which makes the specific applica-

tion of this method inaccurate for predicting porosity across a wide region of

process space.

(c) King’s normalized enthalpy model provides a good approximation of a thresh-

old beyond which keyhole porosity will occur.

4. A method was proposed to predict axial fatigue lives of components given the poros-

ity size distributions observed in the components via CT. This method was proven to

be accurate for a small sample of specimens.

5. The effects of PPPs on porosity were found to transfer directly to significant effects

on fatigue life. Components exhibiting differences in both PPPs and scan strategy

exhibited significantly different porosity distributions, and a corresponding fatigue

performance change was directly observed for each component.

6. S-N curves were produced for a larger AM dataset, and failure defects were cata-

logued for each component.

7. Scatter in S-N data was collapsed to a single curve by combining the effects of stress

and defect size into a stress-intensity value. This curve approached a single stress

intensity value as the life of the part increased.
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8. Based on observations , the El-Haddad fatigue limit model was adapted to produce a

novel finite life prediction framework based on applied stress and flaw size.

9. A rapid fatigue performance characterization technique was developed using speci-

men compliance monitoring.

10. Initial results showed that compliance indicates material damage prior to other proven

methods.

11. It was shown that initiation life has a direct relationship to the stress intensity pro-

duced by the material defect.

12. Identification of initiation life for each specimen illustrated that for porous AM mate-

rials, the initiation stage of fatigue accounts for down to 25% of the total life for high

stresses and large defects and up to 90% of the total life for low stresses and small

defects which falls in line with previous observations in traditionally manufactured

materials.

7.2 Contributions

1. Examined PPP trends across LPBF process space

2. Interrogated literature porosity prediction models using experimental data

3. Developed a pore-based fatigue life prediction method

4. Identified beam PPP influence on fatigue life

5. Quantified fatigue life debit induced by a pore of a given size compared to fatigue

life of wrought alloy

6. Adapted fatigue limit prediction methodologies to predict finite life using pore and

stress data.
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7. Identified critical pore size for achieving a infinite/finite life for a given stress state

8. Developed a compliance-based characterization method for rapid characterization of

fatigue performance of AM materials
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Recommendations

The work performed in this dissertation has built on the work of others and introduced

new ways to characterize AM material and predict the performance of AM components.

However, the pursuit of greater knowledge and better understanding of AM processes and

their products must still continue. Therefore, based on the work presented in the previous

chapters, it is recommended that the following work be performed in the future to increase

the maturity of the technology and increase the applicability of AM to widespread structural

applications.

1. Continued production of AM fatigue life and crack propagation data using standard

test methods.

2. Further development of compliance-based fatigue characterization procedure and

analysis.

(a) Identify relationships between crack size and compliance development using

either intermittent crack monitoring, in-situ observation techniques, or post-

failure observations.

(b) Identify localized methods of monitoring compliance in order to identify posi-

tion of initiation sooner in the life of the part.

(c) Investigate the effects of specimen geometry on compliance development.

(d) Identify the relationships between initial crack location and shape on the com-

pliance development.
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3. Comparison of compliance-based fatigue measurements to material properties ob-

served using standardized test methods.

4. Application of methods developed herein to other process induced defects or anoma-

lies including surface roughness.
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