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Abstract

Continuing improvement in the field of [Additive Manufacturing (AM)| of metals

provides the opportunity for direct fabrication of aerospace parts. [AM|was once used
in large part for rapid prototyping but improvements in technology and increases in
the knowledge base of [AM] materials has provided the opportunity for manufacture
of AM parts for operational use. The ability to create low numbers of unique parts

without having to invest in expensive tooling provides great economic incentive to

utilize this technique. [Inconel 718 (IN718)|is the most common high temperature

alloy used in the aerospace industry and lends itself readily to formation by

[Powder Bed Fusion (LPBF)| The superior strength of [IN718| at temperatures up to

650°C and its excellent corrosion resistance make it the alloy of choice for compres-
sor blades in jet turbines. Extensive data exists for conventionally produced [IN718

but gaps in the data are present for [AM] material. Two of these gaps that are ad-

dressed by this research are [Fracture Toughness (FT) and |[Fatigue Crack Growth)

[Rate (FCGR). A primary driver of the differences in behavior between convention-

ally manufactured and [AM|[IN718 are the microstructural differences. Conventionally
produced material has an equiaxed microstructure that provides isotropic material
behavior. Conversely production by methods results in a highly directional mi-
crostructure related to the build direction of the part that drives anisotropy in ma-
terial performance. It is hypothesized that a modified heat treatment that allows
for re-crystallization of the columnar grains to grains that are more equiaxed will

mitigate anisotropic material effects. This research will characterize the [FCGR] of

|As-Built (AB)| [Conventional Heat Treatment (CHT), and [Modified Heat Treatment|
(MHT)| conditions. Results of indicate the the is successful at reducing

v



the overall FCGR] of LPBF|IN7I8l The standard heat treatment for wrought is
shown to increase anisotropy in and give no improvement to the FCGR] when

compared to material in the [AB] condition.
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FRACTURE TOUGHNESS AND FATIGUE CRACK GROWTH RATE
CHARACTERIZATION OF IN718 FORMED BY LASER POWDER BED
FUSION

I. INTRODUCTION

1.1 Background

Continuing improvement in the field of [Additive Manufacturing (AM)| of metals

provides the opportunity for direct fabrication of aerospace parts. [AM] was once used
in large part for rapid prototyping but improvements in technology and increases in
the knowledge base of [AM] materials has provided the opportunity for manufacture
of AM parts for operational use [I5]. The ability to create low numbers of unique

parts without having to invest in expensive tooling provides great economic incentive

to utilize this technique[l6]. [Inconel 718 (IN718)is the most common high temper-

ature alloy used in the aerospace industry and lends itself readily to formation by

[Laser Powder Bed Fusion (LPBF)[I7]. The superior strength of [[N718| at tempera-

tures up to 650°C and its excellent corrosion resistance make it the alloy of choice for
compressor blades in jet turbines[I7]. While Ti-6AL-4V exhibits a better strength
to weight ratio than its service ceiling is 450°C[I8] make it unacceptable for
higher temperature applications. Extensive data exists for conventionally produced

but gaps in the data are present for [AM] material. Two of these gaps that are

addressed by this research are [Fracture Toughness (F'T') and [Fatigue Crack Growth)|

[Rate (FCGR)| A primary driver of the differences in behavior between convention-

ally manufactured and [AM|[IN718 are the microstructural differences. Conventionally



produced material typically has an equiaxed microstructure that provides isotropic
material behavior[I]. Some conventionally produced materials do display directional
behavior. Rolled plate and extruded materials display elongated grains in the direc-
tion of rolling or extrusion and these can affect material performance in a desirable
or undesirable manner[I9]. Production by methods results in a highly direc-
tional microstructure related to the build direction of the part that drives a degree of
anisotropy in material performance[I(]. It is hypothesized that a modified heat treat-
ment that allows for re-crystallization of the columnar grains to grains that are more

equiaxed will mitigate anisotropic material effects. This research will characterize the

I[FCGR] of [As-Built (AB)} [Conventional Heat Treatment (CHT), and [Modified Heat]|

[Treatment (MHT)| conditions [4]. Initial work has been completed on [FCGR]in [AM

IN718[13] but full investigation of the three chosen build orientations compounded

with various heat treatments remains to be completed. This research aims to add to

the knowledge base on [LPBF|[IN718]in the areas of [F'T] and [FCGR]

1.2 Problem

Materials produced by [AM] show great promise in engineering applications, but
in many cases [AM] material behavior differs from conventionally produced material
making direct implementation of [AM] parts impractical. manufactured by
forms very small grains with columnar behavior in the direction of the build[20].
This induces an undesirable degree of directional dependence on strength. Due to
the cooling dynamics of the method [AM] parts also retain significant residual
stresses which can deform parts and further detriment the material performance[21].
This leads to a degree of unpredictability in material behavior which is unacceptable
in the design of critical flight components. gains much of its strength from

the growth of v precipitates. These precipitates are composed of Ni3/Nb and prevent



grain boundary sliding and dislocation motion. These precipitates are not present in
the as-built microstructure and their absence leads to degraded material properties.
In the case of tensile strength as-built materials will fail at a value nearly 40% lower
than wrought material[22]. The lack of data available to engineers prevents
techniques from being used to their full capability in the aerospace industry. For the
Air Force the ability to rapidly produce replacement components for aging aircraft
whose supply lines were shut down long ago provides a great incentive to characterize
the behavior of material and certify it for use. The potential to have on site
fabrication of critical parts especially in a deployed environment could increase the
mission availability and decrease costs. However, without a better understanding of

the material behavior, none of these benefits can be leveraged.

1.3 Research Questions and Objectives

The purpose of this research is to characterize the [F'T]and [FCGR]rate as influenced
by specimen build orientation and heat treatment for manufactured by [LPBF]
Three specific orientations and heat treatments will be considered in this research.
The results of these test conditions will provide insight that will be used to answer

the following questions:

e How does specimen build orientation affect and

e Does the [MHT] remove the specimen build orientation dependence of [F'T] and
[ECGRF

e Does the provide improvements to and in all specimen build

orientations?



1.4 Justification for Research

The United States Air Force has a vested and growing interest in the use of ad-
ditive manufacturing. parts are already being used in operational aircraft, but
these parts remain in non-flight-critical roles such as seat covers and other cosmetic
functions due to a lack of understanding of how parts compare to traditionally
manufactured parts. In the future the Air Force hopes to utilize to manufacture
innovative designs and structural components that require no post production ma-
chining. The flexibility of [AM] allows for rapid on-site fixes to unexpected problems.
Another benefit of [AM]is the ability to produce small production runs that tradition-
ally would have inflated costs due to machining set up and tooling costs, while [AM]
parts can be produced on an as needed basis without the need to restart a production
line. With a rapidly aging fleet of aircraft the Air Force often faces difficulties sourcing

spare parts that rely on production lines and tooling that were destroyed years ago.

The ability to manufacture new parts with nothing but a [Computer-Aided Design|

drawing and availability of a printer allows for aircraft to have higher opera-
tional rates for an extended lifetime at reasonable costs. However until [AM]| material
can be effectively characterized and behavior reliably predicted the full capability of
this technology will remain constrained. This research aims to close knowledge gaps
in the area of [F'T] and [FCGR] for [IN718 manufactured by LPBF]

Characterization of the [F'T] and [FCGR] of [N71§ manufactured by is one of

the necessary steps to prove out its capability for use in applications associated with

cyclic loading conditions. Study of the as-built and heat treated conditions provides
data for use with and without post-production processing. The results of this research
will be used to increase the body of understanding of for both military

and civilian applications.



1.5 Scope

This research will focus on the characterization of the [FT] and [FCGRIIN7I8 man-
ufactured by [LPBF]in three specimen build orientations and three heat treatments at
room temperature. Most production is largely consumed by the aerospace, nu-
clear, and oil drilling industries due to its strength and corrosion resistance over a wide
range of temperatures (-217°C to 650°C)[23]. Determination of the and
at room temperature can provide a baseline for [AM] parts to meet some performance
requirements and to pave the way for future high temperature testing. Experimental
measurement of the [FT] and [FCGR] rate will lead to a better understanding of the
material behavior of [N718 Testing in both the as-built and two heat treated forms
will allow for optimization of processing techniques based on design requirements.
Testing of all three specimen build orientations will identify [F'T] and [FCGR] differ-
ences between specimen build orientations and whether the heat treatment processes

effectively remove anisotropy in these material performance measures.

1.6 Assumptions

The primary assumption associated with this research is that specimen build ori-

entation will affect the and [FCGR] of [N718] This assumption is based on the

microstructural directionality in [AM] parts. It is predicted that specimens with the
columnar grains aligned along the crack direction will display lower and higher
[FCGR] The alignment of the crack and the long direction of the grains should al-
low cracks to propagate along grain boundaries at reduced stress levels. A second
assumption of the project is that the will not equiax the grain structure in such
a way as to make the specimens behave in an isotropic manner. Both the [CHT| and
[MHT] will promote the growth of 4" precipitates. As a result specimens with these

two heat treatments will display higher [F'T] and decreased [FCGR] when compared



to the [AB] specimens. It is assumed that the [CHT] specimens will be stronger than

both [AB| and [MHT] specimens in the directions where the crack grows perpendicular

to the build direction but weaker than the [MHT] condition as the crack grows along
the build direction. Heat treatment and specimen build orientation will be the only

independent variables in the test to keep the scope of the project limited.

1.7 Approach

Two main experiments will be conducted in this thesis. The first of which is
testing of the [AM][IN71§| material. The second test will measure the of
the same material with the goal of creating a power law equation to model material
behavior as demonstrated by Paris[24]. The purpose for conducting testing first
is to ensure that the [FCGR] tests are performed at the appropriate loading levels.
[ET] values are used to calculate the upper load applied during fatigue testing and

must be determined prior to beginning the second phase of testing. testing is

modeled on the the procedures outlined in|American Society tor Testing and Materials|

[£1820-17a (ASTM E1820-17a)[[11] using [Compact Tension (C(T))|specimens.

testing was modeled on the procedures outlined in [American Society for Testing and|

Materials E647-15 (ASTM E647-15)[12] using |C(T)| specimens. Several deviations

from these standards were required to meet the needs of this research and are detailed

in Chapter [[IT} Heat treatment of the [CHT| and [MHT] specimens was conducted as

specified in [American Society for Testing and Materials B637 (ASTM B637)|and by a

heat treatment profile modified to optimizes material behavior for IN718 parts[4].

These experiments should ideally produce data usable by engineering to optimize the

performance of manufactured by [LPBF]



II. BACKGROUND

2.1 Chapter 2 Overview

In this chapter, the background of project will be discussed. A review of
718 (IN718)| as an aerospace alloy will be reviewed along with a summary of its

known material behavior. A brief discussion of [Additive Manufacturing (AM)| will be

conducted focusing on|Laser Powder Bed Fusion (LPBF) methods. The field of elastic

plastic fracture mechanics is particularly relevant to this thesis specifically involving
fracture and fatigue as methods of failure and will be discussed in detail. Common
trends can be seen in many materials relating the morphology of the microstructure
to anticipated mechanical properties, discussion on instances of these trends will be
discussed in materials and conventionally produced materials. The mechanisms

of their operation and suitability of conventionally produced will be covered.

2.2 Inconel 718

Developed in the 1940’s, Inconel alloys are designed to operate in the corrosive
high temperature environment of jet turbines. These alloys are composed primarily
of nickel and chromium with various alloying elements added to tailor specific mate-
rial behavior. Since their creation various changes have been made to optimize the
alloy for specific uses. Created in 1960 by Huntington Alloys[17], is a precip-
itation hardened variant of the Inconel family which is designed for higher strength
and higher temperature operation. The alloy is named because of the aging process
that creates these precipitates. When held at 718°C for 8 hrs precipitates of Nig/Nb,
commonly referred to as 7”7, will form[I4]. Inconel alloys are well known for their
survivability in a wide range of corrosive environments. Nickel provides corrosion

resistance against organic and inorganic solutions throughout a wide range of acidic



and basic environments and is resistant to chloride induced stress corrosion crack-
ing. Chromium provides strong oxidation protection and resists attack by sulfur[25].
is a valuable aerospace alloy that fills a critical role in jet turbines and has the

potential to expand its capabilities through [AM]

2.2.1 Basic Properties

In many ways the mechanical properties of Inconel are similar to many high

strength steel alloys. To meet the standards of [American Society for Testing and|

Materials B637 (ASTM B637), annealed and aged [IN718 should meet or exceed the

standards in Table 2.2l Compared to 4340 steel it is approximately 7% denser, has
a 6% greater modulus of elasticity, and has lower yield strength and ultimate tensile
strength compared with quenched and tempered steel. These properties put in
the same range as many Ti alloys and high strength steels. stands out due
to its high temperature capabilities. The ceiling for Ti-6Al1-4V is 450 °C, for 316L
stainless steel 566 °C[26], and for 7075 Al 149 °C[27]. As stated previously, re-
tains much of its material strength up to 650 °C. Even at these elevated temperatures
retains excellent corrosion resistance and mechanical strength. responds
well to welding and can be roll formed or cast. is a precipitation hardened alloy
and requires and aging heat treatment to achieve the desired mechanical properties.
More on precipitation hardening will be discussed in Section |[2.3.2] The recommended
heat treatment procedures are listed in Table Due to the high hardness of the
alloy after precipitation hardening, manufacturers recommend machining to near final
conditions in the annealed state with final machining after aging[25]. The chemical

composition of can be seen in Table 2.1 The material properties of

allow for a broad range of engineering applications and drive the desire to use it in

the [AM] form.



Table 2.1. Chemical Composition of IN718 [14]

Element C Mn Si P S Cr Co Ni
Composition Percent | 0.08 max | 0.035 max | 0.035 max | 0.015 max | 0.015 max | 17.0-21.0 | 1.0 max | 50.0-55.0
Element Mo Nb Ti Al B Fe Cu
Composition Percent | 2.80-3.30 | 4.75-5.50 | 0.65-1.15 | 0.20-0.80 | 0.006 max | Balance | 0.30 max

Table 2.2. Mechanical Property Requirements[14]

Alloy Ultimate Yield Elongation | Reduction | Brinell
Tensile Strength (%) of  Area | Hardness
Strength (MPa) (%)
(MPa)

NOT7718 1275 1034 6 8 331

Table 2.3. Heat Treatment Standards|14]

Alloy NOT7718
Recommended 924 to 1010°C, hold 1/2 hr,
Solution Treat- | cool at a rate equivalent to

ment air cool or faster

Precipitation 718 +- 14 °C hold at tem-
Hardening perature 8 hr, furnace cool
Treatment to 621 +- 14°C, hold un-

til total precipitation time
reaches 18 hr, air cool

2.2.2 INT718 Microstructure

Materials generally fall into two different categories, amorphous materials and
crystalline materials. Amorphous materials do not display a repeated ordered struc-
ture and their atoms are randomly scattered throughout the material’s volume. Amor-
phous materials are typically represented by glasses, some polymers, and in some ex-
treme cases metals can be cooled rapidly enough to form these dis-ordered structures.
Crystalline materials display varying degrees of ordered structure. At the high end
of ordered structure are materials which are formed of a single crystal lattice and
less ordered materials may display several different crystal structures throughout the
bulk of the material. Metals and ceramics are the dominant type of materials in this

category. Under normal conditions, metals will solidify into ordered crystal struc-



tures. Ceramic materials will also form crystalline structures and are often vastly
more complex than metal structures because of the varying sizes of the constituent
atoms. Some polymers that display ordered structures are classified as crystalline as

well but this definition refers to the ordering of molecular chains rather than ordered

atomic structure. The majority of metallic materials form either [Face-Centered Cubic]|

(FCC)| Body-Centered Cubic (BCC)| or [Hexagonal Close-Packed (HCP)| repeating

crystal structures as shown in Figure [2.11 These structures differ in the density of
their atomic packing and in strong and weak directions. Metals are often considered
isotropic materials because of the distribution of microstructural grains of these crys-
tal structures in different orientations[I]. Exceptions to this are carefully processed
parts such as single crystal turbine blades or parts manufactured by [AM] which often
exhibit columnar grains in the build direction[2§].

As a primarily nickel based alloy, retains the [FCC| crystal structure of pure
nickel. As shown in the phase diagram in Figure [2.2] with Nb content between
4.75-5.50 % the v phase and the laves phase are expected to form[29]. These are the
primary phases seen in the micro-structure of wrought prior to aging. The
laves phase is not often seen in as it requires higher concentrations of Nb
than are present in [[N718] Growth of this phase has been observed during casting
where the local concentration of Nb is higher than in the bulk. The formation of
this phase is detrimental to the growth of 4” as it reduces the availability of Nb for
precipitate formation. The laves phase typically forms a [HCP] structure of FeyNb,

FeyTi, or FesMo. Critical to the strength of this alloy is the growth ~” precipitates

composed of NigNb. These precipitates have disk shaped |[Body-Centered Tetragonall

(BCT)|geometries and remain coherent with the primary ~ lattice. Typically they will
replace Ni or Fe atoms within the lattice and induce residual strain which provides a

desired strengthening mechanism. A secondary strengthening mechanism is produced

10



(c) Hexagonal Close Packed

Figure 2.1. Most Common Crystal Structures in Metals[I]

by the growth of +’ precipitates. Composed of NizAl and NigTi these precipitates
were the primary method of strengthening prior generations of Inconel alloys. Also
coherent with the primary v matrix they provide strengthening by inducing lattice
strain in a similar fashion to the +” precipitates. The increased Nb content of

preferentially forms the 4” precipitates in a 3 to 1 ratio over 4’'[29]. [IN718| that is

11



formed directly by [AM] processes does not posses these strengthening precipitates.
Post-production aging at 718°C is required to grow 47 and ~’ precipitates. This is
usually accomplished with a solution anneal above 924°C followed by aging at 718°C
but can also be accomplished by a direct aging process[14][30]. Additional phases
that may be present in a solutionized and aged part include carbides of TiC
and NbC. These carbides take up a very small portion of the volume of the material
and have little effect on the mechanical properties of the material. A final phase
that will form in is the orthorhombic, §, phase. This phase possesses the
same chemical stoichiometry as the 7" precipitates but does not provide the same
strengthening effect. § phase preferentially forms at grain boundaries which prevents
sliding and corresponds to an increase in tensile strength. This however induces a
degree of brittleness to the material that is undesirable. Additionally similar to the
effect of the laves phase ¢ reduces the amount of Nb available to form 7”. These two
phases are referred to as allotropes. This means that they have the same chemical
compositions but different crystal structures. ¢ is the more stable phase of the two
and will form if the material is over aged. Growth of this phase can be avoided
by ensuring that the aging treatment does not exceed 750 °C[31]. is highly
dependent on microstructural features to meet desired material properties. Careful
control of processing times and temperatures is key to developing a useful product.
The microstructure of manufactured by [AM] differs significantly from tra-
ditionally produced wrought material. One difference is the directionality of

microstructure. Wrought material will produce relatively uniform grains of

[Society for Testing and Materials (ASTM)| grain size of 5 (63.5 pm) after solution-

izing and aging|29]. This produces isotropic material behavior with grains oriented
with no particular direction. material produces columnar grains in the build

direction with very fine diameters generally ASTM| 11 (7.9 pm)[29]. This results in
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Figure 2.2. IN718 Phase Diagram [2]

anisotropic material behavior which varies widely parallel and perpendicular to the
build direction. The specific details of [AM] microstructure are highly dependent on

build parameters such as laser power, scan pattern, and layer height.

2.3 Heat Treatment

2.3.1 Annealing

The first step in many heat treatment processes is referred to as annealing. This
process involves raising a material above its re-crystallization temperature, holding for
a period of time, and cooling to room temperature[I]. One effect of this process is that
any induced stress in the material is relieved. Dislocation motion at these elevated
temperatures is rapid and sufficient energy is present in the atomic matrix for atoms to
realign and correct flaws in the crystal structure. These stress relief anneals are usually
be conducted at lower temperatures to avoid changing a desired microstructure within

a part. In the case of stress relaxation the ductility of the material increases but the

13



yield strength and ultimate tensile strength both decrease4]. In some cases the change
of microstructure is the desired effect of the annealing process. In the case of wrought
the purpose of the annealing process is to allow for even distribution of the
various alloying elements, especially Nb, throughout the material. This process is
usually conducted at 1010°C for 1 hour for wrought [N718I4]. At this temperature
the material is above the solvus temperature for the various secondary phases found
in including, the laves, 0 phase, 7', and «” phases. This allows these phases
to dissolve and their constituent elements to disperse evenly in the v phase matrix.

After this process the material is cooled to room temperature and is ready for the two

stage aging process to form the desired 7" phase. In[LPBF|IN7I8|the re-crystallization

phase is particularly important. The [Modified Heat Treatment (MHT)| used in this

research utilizes a higher annealing temperature of 1160°C for 4 hours and is described
in detail in [2.3] In addition to producing a dispersed field of alloying elements the
[MHT] focuses on increasing the overall grain size of the material. By increasing
the grain size the columnar nature common to [LPBF| materials can be reduced and
with it a corresponding reduction in anisotropic material behavior[4]. Grain growth
requires longer annealing times as it only occurs after recovery and re-crystallization
are complete and no other path for reduction of energy is present. The effects of

annealing are critical to promoting the desired mechanical properties in [N718]

2.3.2 Precipitation Hardening

Material strengthening by precipitation hardening is a common process to increase
the performance capabilities of many metal alloys. Iron, aluminum, and nickel based
alloys are commonly subjected to this procedure. Precipitation hardening is the
process of growing second phase particles within the primary material phase to prevent

dislocation glide, this process is also known as age hardening. One of the most

14



common precipitation hardened materials is the family of Al-Cu alloys which can
see a 400-500% increase in yield strength after growth of precipitates[32]. is a
precipitation hardened material in the nickel family of alloys. Precipitation hardening
is accomplished by a two step heat treatment process. This process is described in
detail for in Table [2.3[14]. First, the material is heated up to a temperature
where the solid solubility of the alloying components is much higher than at room
temperature. This is referred to as a solution anneal and it increases diffusion rates
enough to disperse alloying elements evenly in the matrix. The material is then
quenched or rapidly cooled to trap the alloying elements in the matrix while keeping
the concentration constant throughout the material volume. The rapid cooling results
in tiny precipitate formation but no appreciable material strengthening. The material
is then reheated to a temperature below the solvus temperature of the second phase
but high enough to speed the kinetics of the precipitation process. This is referred to
as the aging process. The increased temperature allows for alloying elements to diffuse
through the material lattice and group together to form second phase precipitates.
This process may take hours or days depending on the specific alloy in question
and the desired final precipitate size. Certain aluminum alloys will age at room
temperature over the course of several weeks and must be kept cold until ready for
final application[I]. In an over-aging condition, precipitates are kept too long at the
elevated temperature and material strength begins to decrease as precipitates grow
beyond their critical strengthening dimensions. In over aging will result in
the formation of undesirable § precipitates which form preferentially on the grain
boundaries resulting in a loss of ductility. Additionally ¢ precipitates consume Nb
leaving less for the formation of the desirable 4 precipitates[33]. Over-aging can
result as a consequence of operating a material at high temperatures and as a result

many precipitation hardened alloys have operating temperature limits above which
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significant loss of strength would be observed. Precipitation hardening is the key

strengthening aspect in alloy.

2.4 Additive Manufacturing

Traditionally manufacturing of components has been by removing material to
reach the final product dimensions or by combining many sub-parts to create a final
component. by contrast creates a component by adding layers of material on top
of each other and fusing them together. This process allows for the creation of unique
structures not previously possible and the reduction of material loss. This process is

often automated and can reduce manufacturing costs as well. Modern[AM]procedures

operate with a|Computer-Aided Design (CAD)|drawing that software slices into thin

layers that are then produced one at a time. The first examples of modern [AM]
were created in 1992 by 3D Systems[34]. These early printers pioneered a process
known as fused filament fabrication in which a solid coil of polymer is heated and
extruded through a nozzle. This filament is then applied selectively to a build plate
as directed by the [CAD] model as the print head moves in two dimensions. After
one layer is produced, either the print head rises by one layer thickness or the build
plate drops by one layer thickness and then the second layer is produced. The field
of [AM] took another step forward into the field of metal [AM] structures. Rather than
extruding a filament through a nozzle, metal [AM] systems use high powered lasers to

melt metallic powder together. Two common metal [AM] procedures are [LPBF| and

[Direct Laser Deposition (DLD)| In|DLD] a nozzle sprays metal power in the desired

part location and a laser is timed to melt it at the precise location the solid portion is
desired. [LPBF|lays a pre-set depth of powder across the entire build plate, usually in
thicknesses between 20-150 pm[I0]. The laser then rasters across the surface melting

the desired pattern. Once finished, the build plate drops by one layer thickness and
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another layer of powder is laid down and the process repeats itself. A diagram of this
process is shown in Figure After the build is completed, the un-melted powder can
be removed and sorted for reuse. These unique characteristics allow [AM] processes to

introduce efficiency improvements in many manufacturing fields.

Figure 2.3. Laser Powder Bed Fusion Process|3]

2.4.1 Surface Finish

The surface finish of [AM] parts is fairly coarse as a result of the laser melting pro-
cess. Studies of the surface roughness of [AM] parts indicated that a part generated
by [LPBEF] result in surface roughness values of, R, = 6.7 - 42 um, depending rela-
tion of the measured surface to the build direction[35]. Parts made by conventional

processes with milled surface finishes display values between R, = 0.8 - 6.3 pum[36].
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This increase in roughness can cause serious problems in certain applications. For
example, the design of curved fuel flow nozzles for rocket and turbine engines is a
unique capability presented by [AM]|but roughness in these nozzles can cause undesir-
able flow characteristics, especially at supersonic speeds. Surface finish is also a key

determining feature when predicting fatigue resistance. A study of [LPBF|[IN71§| con-

ducted by NASA concluded that parts in the |As-Built (AB)| configuration required

an approximately 30% decrease in the applied stress to attain the same fatigue life
as parts subjected to a low stress grinding procedure in post-production|37]. As
a result of this undesirable surface finish [LPBF| materials may require some degree of

post processing before use.

2.4.2 AM Microstructure

The microstructure of [AM] parts differs from traditionally produced wrought ma-
terial. The microstructure of wrought material is described in Section [2.2.2, Due to
the layer-by-layer construction of [AM] and the small regions of melting, a columnar
microstructure forms in the direction of melting when viewed parallel to build direc-
tion as seen in Figure 2.4a] A comparison image of wrought can be seen in
Figure [2.4b. The small laser spot size and corresponding melt region form a very
fine grained microstructure when viewed in the build direction. This effect leads to

anisotropy in the material properties and potential part design difficulties.

2.4.3 Residual Stress

One complication of [AM] is the retention of thermal stresses in finished parts.
This is referred to as residual stress and can result in undesirable and unpredictable
material behavior under stress. Residual stress is not a unique phenomena with [AM]

material but is often present in conventionally produced material. However, this is
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(a) LPFB INT718 microstructure viewed perpen-

dicular the build direction (b) Wrought IN718 microstructure

Figure 2.4. LPFB and Wrought IN718 Microstructures[4] Images by G. Cobb

not always a negative material condition. Tempered glass is a common utilization
of residual stresses. Compressive residual stress at the surface of glass can cause
crack closure and restrict potentially critical length cracks from propagating. In the
example of smart phone screens, large dopant atoms are added to the surface of the
glass to place compressive stresses on the lattice[38]. In glass cookware, residual
stresses are imposed by quickly cooling the outer layer of glass while allowing the
interior to contract while cooling slowly thus inducing a tensile stress on the interior
and a compressive stress on the exterior[39]. In parts, residual stresses are a
consequence of the same process as the glass cookware where uneven cooling rates
leave some areas of material in tensile stress and some areas in compression. However,
unlike the previous example residual stresses in [AM] materials are not currently able

to be carefully controlled and can result in cracking of certain part geometries.

Figure 2.5. Cracking From Residual Stresses

Residual stress in LPBF|material is the result of many different variables including
layer height, build orientation, part geometry, and build time[40]. An example of this

is shown in Figure[2.5| This tensile bar was built horizontally, but warped and cracked
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as a result of the residual stresses. Bars of the same configuration built in the vertical
and 45°orientations did not experience the same failure. Removal of residual stresses
is possible with appropriate heat treatment strategies. In wrought [N718] stress relief
is accomplished through the standard heat treatment profile detailed in [ASTM B637,
The first step of the heat treatment raises the temperature to 1010 °C. This process
has not proved to be effective in [LPBF|[IN7Ig§ and the [MHT]studied in this research
raises the annealing temperature to 1160°C in an effort to remove these stresses. At
elevated temperatures the yield strength of will decreased below the magnitude
of the residual stress allowing the stress to relieve. Following this, the parts can then
be aged to grow the desired 77 precipitates. Reduction of residual stresses in [AM]

materials is key to attaining the maximum material performance.

2.5 Fracture Mechanics

Fracture mechanics is the study of a growing crack in a material with the goal
of quantifying how crack size and shape, loading conditions, and material proper-
ties affect the growth of the crack and under what conditions structural failure will
occur[4I]. The study of fracture mechanics is critical to the design of structures to en-
sure operational performance and predicted lifetimes. This field works on the premise
that all structures have existing flaws that may eventually lead to material failure.
The effective application of fracture mechanics can predict rates of crack extension,

part lifetime, and safe life replacement schedules.

2.5.1 Linear Elastic Fracture Mechanics

The field of |Linear Elastic Fracture Mechanics (LEFM)| was first pioneered by

Alan Griffith in the early 1900’s. After observing that the theoretical tensile strength

of glass fibers was 100 times greater than experimental values, he developed a theory
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that small flaws present in the material reduced the materials strength to the levels
observed in experiment. After testing this theory, he developed a relation between flaw
size and fracture strength as exhibited in Equation 2.1} This relationship established
the term, C, which Griffith would express in terms of surface energy created by
crack extension. Griffith’s expression for “C” in terms of surface energy is shown in
Equation [42]. These expressions hold very well for materials that display little to

no plasticity.

C=opa (2.1)

O =/ (2.2)

The next significant addition to the study of LEFM] was conducted by G.R Irwin
in 1957[43]. He realized that for ductile materials, Griffith’s theory did not accurately
predict the surface energy created by new crack surfaces in materials displaying plas-
ticity. This is due to the growth of a plastic zone around the crack tip before the crack
propagates further. Irwin and his team and the Naval Research Laboratory devised
a way to quantify a materials resistance to fracture in the presence of a crack. They
called this term the stress intensity factor and labeled it “K”. The expression for
“K” is given in Equation [2.3] Stress intensity is measured in three modes of stress as
seen in Figure 2.6][10]. The stress intensity factor for a known flaw can be determined
by the radius of the crack tip. In the case of a nearly infinitely sharp crack tip, the
maximum stress intensity factor can be labeled as K;¢, Ko, or K¢ corresponding
to the mode of loading, for plane strain conditions. [LEFM] provides useful capability

to predict crack growth behavior leading to catastrophic failure in brittle materials.
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K =o;Y/(ma) (2.3)

Figure 2.6. Modes of Fracture [5]

2.5.2 Elastic Plastic Fracture Mechanics

While [LEFM]is a useful tool for examining fracture mechanics it can no longer be
reliably applied when material plasticity extends beyond the crack tip region. In these
instances examination of material behavior must rely on the field of elastic plastic
fracture mechanics. Several methods of measuring the fracture toughness for elastic
plastic materials were developed including crack tip opening displacement, crack ex-
tension resistance curves, and J-integrals. The J-integral method of measurement is
by far the most common. This method was developed by James Rice in 1968. The J-
integral treats elastic plastic materials as non-linear elastic to extend the capability of
LEFMJ44]. Elastic plastic materials behave in much the same way as non-linear elas-

tic materials. This behavior is shown in Figure[2.7] Both non-linear elastic and elastic
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plastic materials follow the same loading curve but differ at unloading. Non-linear
elastic materials will relax along the path of loading back to their original undeformed
unstressed state. Elastic plastic materials in contrast do not unload along the same
non-linear path but rather unload in a linear manner where the slope of the unloading
line is equal to the elastic modulus[5]. This process leaves permanent deformation in
the material due to dislocation motion and affects future material response. Rice’s
J-integral theory relies on treating elastic plastic materials as non-linear elastic and
this assumption holds as long as no unloading occurs. His characterization of the
J-integral as a path independent line integral relies on similar principles to Griffith’s
strain energy release rate but for non-linear elastic materials[44]. It is still defined
as the change in potential energy with the change in crack area and is described in
Equation [2.4, This allowed Rice to construct a path independent integral around
a growing crack tip and using the applied stresses and strains, to equate this inte-
gral to the energy release rate[d]. Further work conducted in tandem by Hutchinson,
Rosengren, and Rice determined that the stresses and strains near a crack tip could
be represented by a power law that included the calculation of J. These relations are
show in Equations and 2.6]19][45]. The value of the J-integral can be measured

by manipulations on a trace of force and crack extension for a specimen with known

dimensions. This process is described in [3.5 [Elastic Plastic Fracture Mechanics]

(EPFM)| greatly expands the applicability of fracture mechanics and allows material

behavior prediction in high toughness engineering materials.

dll
= 2.4
J=" (2.4)
J, 1
oij = k()™ (2.5)
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Figure 2.7. Schematic comparison of the stress-strain behavior of elastic-plastic and
non-linear elastic materials[5].

Eij = ka(—)™HT (2.6)

2.5.3 Fracture Toughness

IFracture Toughness (F'T)|is a parameter that can be used to determine a materials

ability to resist failure by taking into account “material, temperature, strain rate,
environment, and thickness” [6]. is closely related to the stress intensity factor.
An analogous comparison for these two terms would be strength and stress. Stress
represents the current material loading conditions quantifying the applied force and

the area the force is applied over and strength, yield or ultimate, represents the
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maximum stress a material can withstand before permanent deformation or failure.
In a similar way stress intensity factor represents the concentrated stress at a crack
tip and fracture toughness represents the maximum stress concentration a material
can withstand before crack propagation[46]. In plane strain is quantified
by the term Ko for mode 1 failure and is usually reported in units of M Pa+/m and
is referred to as the plane strain fracture toughness. This mirrors the stress intensity
factor equation with the replacement of crack length, a, with the critical crack length,
“a.”, this is shown in Equation [2.7. This value decreases to an asymptotic limit as
thickness increases to a minimum value known as K ;¢ which is the design independent
value of fracture toughness for a given material for mode one fracture. This thickness
is determined to be valid when the condition in Equation 2.8 is met. For [EPFM]|[FT]
is quantified by J;o. This term is similar to K¢ in that it marks the point of fracture
instability in a material. J;¢ is reported in terms of energy per area usually in % It
is measured from a J vs crack extension curve and is calculated in a similar manner to
the 0.2% offset stress that characterizes a materials yield strength. For J;o this offset
is measured by constructing a line parallel with the linear section of the J curve that
intersects the x-axis at 0.2mm and calculating the intersection of the construction
line and the J curve. A standard J vs crack extension curve is shown in Figure [2.8|
Once a value for J;c has been determined it can then be used to calculate K j;c with
the expression in Equation 2.9]11]. This quantity is representative of the plain strain
fracture toughness for elastic plastic materials. The study of fracture toughness is a
key component to understanding material capability and the ability of structures to

continue to function after sustaining damage.

Kic = oY/ (ma,) (2.7)
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B > 2.5(—) (2.8)

Kyre =/ (E/(1 —v?) % Jic) (2.9)

Figure 2.8. Standard J vs Crack Extension Curve for a Plastic Material[5]

2.5.4 Fatigue Crack Growth

When materials undergo repeated loading below their yield limit, they become
susceptible to a form of material damage known as fatigue. It is estimated that fatigue
is the cause of approximately 90% of failures of metallic components[I]. Because
failure can occur well below the static stress limits of parts, simply designing parts

with a large factor of safety does not guarantee that fatigue will not eventually lead

to a failure. |[Fatigue Crack Growth Rate (FCGR)| testing can provide a geometry

independent method of characterizing a materials resistance to failure by fatigue. A
typical [FCGR] curve is shown in Figure [2.9] This curve is composed of three regions

and displays the effect of changing stress intensity factor resulting from crack growth
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on the amount of crack extension per cycle. The first region of this plot shows the
initiation behavior of the fatigue crack and characterizes a value called Krpreshold
below which existing cracks in the material will not propagate. The second region is
typically linear and is known as the Paris region. In 1961, Paul C. Paris published
a paper titled “A Rational Theory of Fatigue” in which he proposed a power law
relationship between the crack extension per cycle and the stress intensity factor
as seen in Equation [2.10[24]. Because of the predictable nature of crack growth
in this region, parts with known or suspected crack sizes can be given a predicted
lifetime of use before needing to be removed from service or replaced. Region three
involves rapid crack growth and unstable behavior before fracture. Fracture critical
parts require damage tolerance evaluations to ensure safe operation. Characterizing
in region 2 can give designers a predictable model to predict part lifetimes and
requirements for retirement or replacements prior to catastrophic failure. Fatigue
loading is a key cause of structural failure and is a critical area of study for new

materials and processes.

— = A(AK)" (2.10)
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Figure 2.9. Regions of Fatigue[6]

2.6 Micro-Structural Effects on Material Properties

A significant driving factor in the material properties of metals is the microstruc-
ture. As discussed in section formation of precipitates can significantly improve
the mechanical strength of certain metals. Grain size is a relatively easy microstruc-
tural feature to control and increases and decreases in grain size can positively or
negatively affect the material behavior under different stress conditions. For exam-
ple, tensile strength is commonly seen to rise in as grain size decreases[47]
whereas creep strength sees marked increase as grain size increases[48]. These con-
flicting responses often result in design to function solutions based on the most likely

mode of failure of an end use part. An example of this disparity would be the con-
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struction of jet turbine blades as single crystals to improve the creep strength while
sacrificing tensile strength. Beyond mechanical properties, electrical and thermal
properties are also highly dependent on the effects of micro-structure. As a result of
the heat treatments selected for this research there will be broad differences in the

microstructure of the different test conditions.

2.6.1 Effects on Fracture Toughness

Yield strength is typically seen to increase with decreasing grain size. Fracture
toughness responds to changes in grain size with the opposite effect. Larger grained
materials show increasing values of [F'TJ49]. This corresponds to a decrease in yield
strength and an increase in ductility. Toughness can be seen as the area under the
curve of a standard stress vs. strain plot during a tensile test. As seen in Figure [2.10],
an increase in modulus often corresponds to a decrease in ductility and a correspond-
ing decrease in toughness. Grain size is not the only microstructural feature that
affects [F'T] In[INTIg| the growth of precipitate phases is a key driving factor in most
mechanical properties, [F'T] is no exception. In a study by W.J.Mills [F'T] in
was seen to decrease as the growth of d particles increased. In contrast, as the frac-
tion of 4" precipitates increases the fracture toughness of the material increases[50)].
This same study also indicated that increasing amounts of the laves phase lead to
a decrease in the overall [FT] Degradation of fracture toughness can also be caused
by excessive carbide formation, especially along grain boundaries. The effect mi-
crostructural changes on fracture toughness will be examined as a product of this

research.
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2.6.2 Effects on Fatigue Crack Growth

Studies on have shown that that both grain size and 7" precipitate size

have noticeable effects on [FCGR] in IN718[51]. This research studied four different

microstructural conditions. Coarse and fine grained microstructures were produced
with either small or large 7" precipitates. For small precipitates increasing the grain
size increased the value of K7p,esnoia but also increased the FCGR] Large precipitates
saw no change in the as grain size increased but Kpp,eshoq Was lower for
fine grained microstructures. Coarse grained microstructures showed a lower [FCGR]
for both sizes of precipitates. However, coarse grained microstructure with large
v” precipitates showed a lower value of Krppresnoq than for small precipitates[51].

These results will factor strongly into the result of this research. [AB| specimens will

30



possess a small grain size and minimal amounts of 7" precipitates. [Conventional Heat|

[Treatment (CH'T)|specimens will possess a small grain size as well but will posses the

~” precipitates. specimens will possess larger grains and the " precipitates.
If the above conclusions reached by Krueger hold consistent in [AM|[IN718| the MHT

specimens should produce the lowest rates of FCGR] K7preshoia should remain fairly

consistent between the [CHT| and [MHT]|specimens as the two heat treatments utilize

the same aging parameters. Krpresnoa for the [AB] specimens is expected to be lower
due to the lack of 7" precipitates. This research will explore the effects of grain
size and production of 4" precipitation as a result of the selected heat treatments on

fatigue crack growth in the Paris regime.

2.7 Chapter 2 Summary

is a commonly used alloy in jet turbines, nuclear power production, and
other high temperature, highly corrosive environments. Recent developments have
made production of this alloy by [LPBF]feasible for use in these fields. Production by
this method results in unique microstructural characteristics and retention of residual
stresses. Because is a precipitation hardened alloy, small changes to its mi-
crostructure can have profound effects on its final mechanical properties. No part is
completely free of internal cracks or defects. The fracture toughness of a material is a
key consideration during design to ensure proper part performance and prevention of
premature failure. Fatigue crack growth is a common failure mode for parts in service
and can present suddenly and catastrophically. The study of these two failure modes
is critical prior to end use of new manufacturing methods and materials. Additionally,
research contributions that allow [AM] parts to meet or exceed their wrought material

equivalents in these performance categories would be a significant contribution to this

research field. The methodology used to determine both [F'T]and [FCGR]in [AM|IN7I8
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will be discussed in detail in Chapter 3.
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III. RESEARCH METHODOLOGY

3.1 Chapter 3 Overview

The goal of this research was to identify the directional dependence of

[Toughness (F'T) and [Fatigue Crack Growth Rate (FCGR)| of [Inconel 718 (IN718)|

manufactured by |[Laser Powder Bed Fusion (LPBF)| In addition, this work serves to

identify whether a modified heat treatment can remove this directional dependence.

The primary experimental plan for this work was derived from [American Society]

ffor Testing and Materials E1820-17a (ASTM E1820-17a)| and [American Society for|

[Testing and Materials E647-15 (ASTM E647-15)l These two standards lay out ac-

cepted procedures for testing and [FCGR] specimens. Some deviations from these
standards were made to meet the unique needs and characteristics of for the
requirements of this research. The major components of this research include [FT]
testing, [FCGR] testing, and fracture surface evaluation. Numerous important factors
must be accounted for in order for these hypothesis tests to be conducted. This
chapter will focus on the development and documentation of the methods that were
considered to perform the necessary evaluations of these material characteristics. A
key part of the experimental setup was the specimen processing, which includes print-
ing, machining, and polishing. The specific effects of specimen build orientation and
heat treatment were examined for each of these components. The following sections
detail the experimental methods employed to accomplish this research and to process

the data into usable results.

3.2 Materials and Equipment

The material and mechanical properties of the specimens were characterized using

a wide variety of equipment available at [Air Force Institute of Technology (AFIT)|
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Mechanical tests performed for this research was conducted on a [Material Testing]

[Systems (MTS)| 810 hydraulic uniaxial testing machine with a maximum loading

capability of 100 kN. This machine possessed upper and lower axial displacement

capability. Only the lower axial hydraulic head was utilized for this research. Clevis

and pin grips were produced from|[American Iron and Steel Institute (AISI)[4340 steel

which was quenched and tempered to “provide adequate strength and resistance to

galling and fatigue” [I2]. These grips were constructed to the design specified in Fig-

ure A2.2 of [American Society for Testing and Materials E399-17 (ASTM E399-17)|

Crack mouth opening was measured using an [MTS| Model 632.02F-20 clip gauge as
shown in Figure [3.1, This gauge was calibrated prior to testing to ensure a linear
response was recorded across the entire range of measurement. Optical crack size mea-
surements were performed using a digital camera with a high resolution lens. These
measurements were used as a secondary crack length measurement technique and
consequently images were not taken on both sides of the specimen as recommended

in [ASTM E647-15] and [ASTM E1820-17al The entire experimental setup can be seen

in Figure [3.2l To ensure that optical measurements were taken consistently, a fixed

camera mount was designed, and affixed to the support pillars of the [MTS| machine.
This process benefited from the rapid prototyping capabilities of a FORTUS polymer
3D printer at [AFTT] in constructing the grips to hold the camera. Fracture surface
investigation was performed using a Keyence VR-3200 3D Measurement Macroscope
and a Zeiss Axio Observer.Z1 Laser Scanning Microscope. These techniques allowed
the characterization the area roughness average in the fracture region. These inves-
tigations were performed on the experimental area of interest and are discussed in

detail in Section B.7.
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Figure 3.2. MTS 810 Hydraulic Uniaxial Testing Machine with Fixed, High
Resolution Digital Camera

35



3.3 Specimen Fabrication

All|Compact Tension (C('T)) specimens were produced using [IN718/ powder on the

M2 Cusing Laser Printer located at the as seen in Figure[3.4l Fifteen specimens
were produced per build plate, with five specimens in each specimen build orientation,
(Flat(X), Edge(Y), Vertical(Z) Figure[3.10). Multiple builds were required to produce
the necessary number of specimens for testing. Figure [3.3| shows a completed build.
Inconel powder was purchased from the Powder Alloy Corporation of Cincinnati,
Ohio. The average powder diameter was 40 pm, and chemical composition is provided
in Table [3.1] Post processing machining was accomplished by the [AFTT] model shop,
and heat treatments were performed at Winston Heat Treatment Inc in Dayton, Ohio.

The processes used to create and prepare specimens provided test specimens meeting

the requirements of [ASTM E399-17]

3.3.1 M2 Cusing Laser Printer

Several different machines are commercially available for production via [LPBF]
They offer a range of power capability and build plate sizes. |[C(T)| specimens for this

research were manufactured on a M2 Cusing Selective Laser Melter. This 3D printer

utilizes [LPBF| to manufacture parts from a [Computer-Aided Design (CAD)| model

with a high degree of precision. Multiple different settings are possible to optimize
printing parameters for individual parts. Powder layer height can be varied between
20 pm and 80 pum. Laser power is programmable up to 400 W. Laser spot size can be

as large as 500 pum or as small as 50 ym. The rate the laser moves across the surface is

Table 3.1. Chemical Composition of IN718 Powder, Less than 0.1% C, Mn, Si, S, P, B,
Cu, Ca, Mg, O, N

Element Mo | Nb | Ti | Al | Fe Cr Co | Ni
Composition Percent | 2.93 | 5.32 | 0.97 | 0.45 | 17.69 | 18.08 | 0.2 | 54.05
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Figure 3.3. CT Specimen Build Plate

referred to as scan speed and ranges from 4 m/s to 7 m/s. These parameters affect the
final micro-structure and density of the parts being produced. The |C(T)|specimens
produced in this research were produced using an island scan strategy. This involves
three distinct sections of the part surface called: core, skin, and advanced contours.
A diagram of the laser path is shown in Figure [3.5] The laser welds small 5x5 mm
sections across the center of the design and uses a continuous laser path to trace the
outer dimensions of the part. This outer portion is referred to as the skin of the
material. The parameters for each section are in Table [3.2] Previous work utilizing
these printing parameters produced parts with 0.996% porosity[8]. Specimens were
produced 15 at a time, with 5 specimens of each specimen build orientation randomly

positioned on the build plate. Ninety total specimens were produced for testing. One
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Figure 3.4. M2 Cusing Laser Printer

completed build experienced unexpected amounts of part shrinkage resulting in those

parts no longer meeting the dimensional tolerance called for in[ASTM E1820-17al The

printer utilized for this research successfully produced 75 [C(T)| specimens acceptable

for testing.

Table 3.2. Printer Parameters for Island Scan Strategy

Section | Laser Power (W) | Layer Height (ym) | Spot Size (ym) | Scan Speed (mm/s)
Core 240 40 180 700
Skin 180 40 130 800
Contours 120 40 50 280
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Figure 3.5. Island scan strategy printing pattern, arrows show laser path[8]

3.3.2 Specimen Preparation

Following production by the |[LPBF| process discussed above, the un-processed

(C(T)| specimens required additional steps to meet the dimensional tolerances speci-

fied in [ASTM E647-15] and [ASTM E1820-17al The first step of post processing was

removal from the build plate. This was accomplished via wire [Electrical Discharge]

[Machining (EDM)| Wire EDM]is a cutting process that utilizes a high electrical cur-

rent passed through a thin wire to produce an electrical arc that removes the desired
portion of material . This process is an efficient means of cutting hard materials with
high precision without inducing excessive residual stresses to the part[52]. Following
removal from the build plate, the next step in the process was to mill the surface to a
uniform finish to allow for tight dimensional control to achieve the desired outer spec-
imen dimensions. After the desired dimensions were achieved, two pilot holes were

drilled into the specimens to aid in the machining of the pin holes. After drilling, the

(C('T)| specimens take one of two routes. Parts that were tested in the [As-Built (AB)|

condition were directly sent to be processed by wire [EDM| while [Conventional Heat]
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[Treatment (CHT)|[and [Modified Heat Treatment (MHT)| parts underwent a solution

anneal followed by an aging process. The specific heat treatment parameters for this
project were dictated by ongoing research at by Maj David Newell[4]. The
profile investigated is detailed in Section [3.4] Following this process the heat treated
parts were sent to the wire [EDM]to be cut the required shape and dimensions. After
the specimens were cut to final dimensions the final preparation step was polishing.
This was accomplished using [AFTT[s Buehler Automet Eco300 and AFRL’s Buehler
Automet Eco250 automatic polisher, see Figure A series of unique polishing jigs
(Figure were designed to fit shape of the |C(T)|specimens and tailored to fit the
different dimensions of the two polishers allowing for simultaneous polishing of 5(C(T)|
specimens at a time. The polishing method used is detailed in Table This pol-
ishing process produced a mirror-like finish on the [C(T)|specimens which allowed for
accurate optical tracking of crack progression. These procedures allowed specimens

meeting the required dimensions and tolerances to be produced reliably for testing.

Figure 3.6. Specimen Polishing Lab at AFIT[4]
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Figure 3.7. CT Specimen Polishing Jig

Table 3.3. Polishing Parameters

Step Surface Grit Size | Time Spin Type Base Speed | Head Speed | Pressure
1 SiC Paper 240 10 min | Complimentary | 300 rpm 50 rpm 5 lbs
2 SiC Paper 320 4 min | Complimentary | 300 rpm 50 rpm 5 lbs
3 SiC Paper 400 4 min | Complimentary | 150 rpm 50 rpm 5 lbs
4 SiC Paper 600 3 min | Complimentary | 150 rpm 50 rpm 5 lbs
5 | Apex DGG 9 3 min Counter 150 rpm 50 rpm 4 lbs

3.4 Experimental Heat Treatment

[FT]and [FCGR]specimens were tested in the [AB|condition and after a[MHT]| profile
being developed in concurrent research by David Newell[4]. tests were addi-

tionally performed on specimens that had undergone the detailed in
[Society for Testing and Materials B637 (ASTM B637)| Details of the heat treatment

are provided in Table [3.4] The [MHT] process utilizes a higher annealing temperature
than the 1010 °C outlined in The purpose of annealing at 1160°C for 4

hours vs 1 hour is to encourage the columnar micro-structure to form equiaxed grains

and ideally remove the anisotropy produced during the [Additive Manufacturing (AM)|

process[4]. Re-crystallization is accomplished at the higher annealing temperature
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along with grain growth. The resulting microstructure is equiaxed and anisotropy in
the microstructure is removed. The desired effect is that the equiaxed microstructure
will produce isotropic material behavior[53]. Figure illustrates the effect of the
[CHT] and MHT] on the [AB| microstructure. These different heat treatments provide

a broad set of conditions for examination.

Table 3.4. Three Stage Heat Treatment Process for CHT and MHT

Conventional Heat Treatment (CHT)
Solution Anneal 1010°C for 1 hr, quenched in nitrogen gas
Aging 718°C for 8 hrs, cooled in furnace to 621°C
Aging 621°C for a total aging time of 18 hrs, cooled in air to room temperature
Modified Heat Treatment (MHT)
Solution Anneal 1160°C for 4 hrs, quenched in nitrogen gas
Aging 718°C for 8 hrs, cooled in furnace to 621°C
Aging 621°C for a total aging time of 18 hrs, cooled in air to room temperature

p e O

7y

(a) AB Microstructure (c) MHT Microstructure

Figure 3.8. Effect of Heat Treatment[4] Images by G. Cobb

3.5 Fracture Toughness Testing

Initial attempts at [F'T] testing were conducted in accordance with the procedures

in [ASTM E399-17] This standard details the process to obtain Ko values for plane

strain fracture toughness under linear elastic conditions. A total of seven specimens
were run through this procedure. All of these specimens were in the [AB|configuration.
Three were Flat(X) builds, two were Edge(Y) builds, and two were Vertical(Z) builds.
The data from these tests was analyzed using the methods prescribed in
None of these tests passed the validity requirements of [ASTM E399-17] section
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9.1.3 as shown in Equation [3.1] where P,,ax is the maximum applied force during the

test and Py is the force where a secant line with 95% of the slope of the linear region

intersects the Force vs |[Crack Mouth Opening Displacement (CMOD)| line. Failing

this validity test indicated that the material undergoes too much plastic deformation
to be evaluated with Linear Elastic Fracture Mechanics. In this instance [F'T] testing

is redirected to [ASTM E1820-17a] for J Integral testing via Elastic Plastic Fracture

Mechanics. [ASTM E1820-17al provides the means to account for plastic deformation

in the material and produce J;¢ values for fracture toughness.

Pmaa:
—— < 1.10 3.1
s o (31)

Q

3.5.1 Fracture Toughness Specimen Configuration

Because of the initial experiment design [C(T'){specimens were designed to meet the
requirements of [ASTM E399-17| with the straight through starter notch Figure [3.9]

Specimen production was completed before initial testing and the discovery of invalid

test results. For this reason existing specimens were adopted for use in further testing.

For wrought products [ASTM E399-17] details a labeling method designed to ensure

the effects of rolling direction and crack direction are captured. This two letter
labeling system is not used for non-wrought products and in the case of [LPBEF] would
produce duplicate results. The labeling convention for the parts produced for this
research is shown in Figure [3.10] and is adapted from similar research performed
on titanium manufactured by [LPBF[10]. Further mathematical adaptations were
required to utilize data from these specimens for further testing. This design produced
undesirable results due to extensive crack curvature. Side grooving of specimens with

a overall reduction in thickness of 0.25B should mitigate this effect in future work.
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Figure 3.9. CT Specimen Design|[9]

3.5.2 Fracture Toughness Precracking

For both [FT| and [FCGR] testing a key requirement is that the specimens being

tested develop a small fatigue precrack prior to testing. This is because “even the
narrowest practical machined notch cannot simulate a natural crack well enough to

provide a satisfactory measurement of K" or [FCGRJ9]. This process is dictated in

section 7.4.5 of[ASTM E1820-17a] for [F'T| testing and in section 8.3 of[ASTM E647-15]
for testing. [ASTM EI1820-17a] dictates that a fatigue precrack shall be grown

such that it “shall not be less than 0.5N where N is the notch height or 0.25 mm” [I1].
Specimens used in this research have a nominal value for N of 2.03 mm which results

in a calculated precrack length of 1.015 mm. The first seven specimens tested via

[ASTM E399-17] had fatigue precracks grown to a minimum length of 1.3 mm. To
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Figure 3.10. Labeling Method for Specimens[10]

keep consistency among the tests, specimens tested against [ASTM E1820-17a had

precracks grown to 1.3 mm or slightly longer. The total length of the machined
notch and the precrack for the same nominal specimen size was between 0.45W and
0.7W (11.43 mm - 17.78 mm). Final dimensions for each specimen can be found
in Table average measurements for each condition can be found in Table [3.5
Precracking is prescribed in two stages in [ASTM E1820-17al The initial stage is

conducted so that the maximum value of the stress intensity factor meet the criteria in
Equation [3.2] This criteria applies to the first 50% of the precrack length. The second
stage of precracking applies to the final 50% of crack growth and follows Equation [3.3]
The lower value at the second stage is to ensure that the stress intensity factor stays
below the desired start point of the test. To avoid complication all precracking was
conducted at or below 60% of the initial K4y for this experiment. This precracking

process met the requirements of [ASTM E1820-17a] to create a sharp crack tip to

create the desired stress intensity.
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Kyax = 0.0630, (3.2)

Kyax = 0.6Kp (3.3)

3.5.3 Fracture Toughness Procedure

Testing was conducted using the basic procedure outlined in [ASTM E1820-17al

Section 8.4. This procedure requries loading the |C(T)| specimen in displacement
control to a pre-determined maximum displacement followed by fatigue cracking to
preserve the fracture surface for later investigation. Optical crack length measure-
ments were taken every 0.5 seconds for the duration of the test. In this research
specimens were loaded at a rate of 0.015 mm/s to a maximum displacement of 1.5
mm. Several early specimens were run at different maximum displacements until a
satisfactory end point was determined. Crack length measurements and force were
then used to calculate the J integral. Crack length was determined by measuring
crack mouth opening displacement with a clip gauge extensometer. The initial ex-
periment design included testing [F'T] via [ASTM E399-17] and the specimens were

designed according to Figure from [ASTM E399-17] [ASTM E1820-174] calls for
a slightly different design for the CT specimen as shown in Figure [3.11l The pri-

mary difference between these two designs is the location of knife edges for clip gauge

Table 3.5. Fracture Toughness Specimen Dimensions

Specimen W (mm) | B (mm) | notch (mm) | precrack (mm) | ao (mm)
AB Flat(X) Avg 25.44 12.31 11.35 1.53 12.90
AB Edge(Y) Avg 25.53 12.49 11.36 1.59 12.95
AB Vertical(Z) Avg 25.50 12.38 11.35 1.52 12.87
MHT Flat(X) Avg 25.42 12.37 11.33 1.33 12.66
MHT Edge(Y) Avg 25.42 12.66 11.35 1.29 12.64
MHT Vertical(Z) Avg 25.34 12.67 11.36 1.32 12.67
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attachment. [ASTM EI820-17a] calls for measurement of crack mouth opening dis-

placement along the load line, [ASTM E399-17] calls for measurement at the front face

of the specimen. Subsequent calculations for J and crack length in [ASTM E1820-

17al require measurement at the load line to be valid. Studies performed by Shi[54]
and Sharma[55] provide corrections to accommodate measurement of crack mouth

opening at the front face. Sharma’s corrections utilize existing corrections for the

location of a clip gauge that can be found in Figure from [ASTM E647-15 and

utilized Equations and [3.5] The coefficients for crack length calculations at the
load line in [ASTM E647-15] are a direct match to those found in [ASTM EI820-17al
Section A2.4.3. Sharma’s research compared optical crack length measurements to
calculated crack length values that utilized [CMOD] at the front face of the specimen.
This method was tested and compared to the results of measurement at the load line
in several steel alloys and Ti-6A1-4V and the generated results for J;c and K ;;¢ were
within 5% of each other. This method was specifically developed to accommodate the
case where [ASTM E399-17] tests do not meet the plasticity limitations and require
testing by [ASTM E1820-17af MATLAB code used to process [F'T] data can be found

in Appendix B Section The required data was successfully collected but the

crack curvature detailed in Section [3.5.1] resulted in invalid data.

Table 3.6. Testing Procedure for Fracture Toughness Testing

MTS Procedure for Fracture Toughness Testing
Initiate dwell command in displacement control for upper axial head
Initiate data collection at start of test
Load specimen in displacement control at a rate of 0.015 mm/s to a max displacement of 1.5 mm
End data collection
Initiate dwell command in displacement control for lower axial head for 5 second.
Begin cycling at 12.0 kN and 1.2 kN (R=0.1) at 20 Hz to until fracture
MTS machine automatically shuts down when displacement exceeds 25.4 mm

| OO | W N~
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Figure 3.12. Different Clip Gauge Locations and Associated Coefficients for Using
CMOD to Calculate Crack Length[11]

3.6 Fatigue Crack Growth Rate Testing

3.6.1 FCGR Specimen Configuration

C(T)| specimens designed for testing were identical to that used for
taken from [ASTM E399-17] The only difference in design called for in [ASTM E647-
is that the specimen thickness ”"B” for FCGR]specimens is set at 0.05W to 0.25W

and rather than 0.5W. However Section A1.2.2.1 in [ASTM E647-15] allows for speci-

men thicknesses up to 0.5W provided a crack curvature correction is applied. Crack
curvature corrections were applied to the final crack length measurement and the
crack curvature requirements of the standard were not violated. Creating specimens

with the same design allowed for testing of both [F'T] and [FCGR] without having to

create a second set of gripping clevises and allowed for more rapid production of parts.
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3.6.2 Fatigue Crack Growth Rate Precracking

IASTM E647-15 dictates that a fatigue precrack shall be grown to “not be less

than 0.10B, h, or 1.0 mm (0.040 in.), whichever is greater” , where B is the specimen
thickness and “h” is the machined notch height in Figure m[m]. The specimens
used in this study have a nominal value for B of 12.7mm which would result in a
calculated precrack length of 1.27mm. This is less than the machined notch height
of 2.03mm, thus the precrack length must be 2.03mm or larger. Testing of a
specimen requires an un-cracked length that meets the conditions presented in Equa-
tion This corresponds to a minimum ligament length of 0.6 mm for this design
and material. Values used to calculate this ligament size were K,,., = 20 MPay/m
and 0,5 = 919 MPa based on prior research by Newell and other research conducted
at |AFTT[4][22]. Final dimensions for each specimen can be found in Table [3.8|
Differences in projected fatigue life between the different heat treatments were noticed
immediately during precracking. [AB| specimens took between 226,000 and 492,000
cycles to grow a precrack of the appropriate length. specimens took between
287,000 and 842,000 cycles to grow the same length crack. specimens took sig-
nificantly more cycles, between 1,018,000 and 1,717,000 cycles, to grow appropriately

sized precracks.

(W —a) > (4/m) * (Kmax/ayS)Q (3.4)

Similar to [F'T] tests, the fatigue cracking process must be carefully controlled in

testing to ensure the validity of the data obtained. [ASTM E647-15 recom-

mends that precracking be conducted at the same stress ratio as the final test, in this
case R = 0.1. [FCGR] precracking is to be conducted such that the K., value during
precracking does not exceed the initial K,,,, value during testing. The precracking

conditions outlined in Table ensured that these requirements were met. Values
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Figure 3.13. CT Notch Design[12]

for initial K., are based on data from research which indicated the beginning of the
Paris region is around 20 MPay/m for wrought [IN718| [51]. This precracking process
resulted in the desired sharp crack tip require for stress concentration and removal of

previous loading history effects.

3.6.3 Fatigue Crack Growth Rate Procedure

To accomplish the goal of comparing heat treatments and anisotropic effects in

[FCGR]the following procedure was utilized. Testing was conducted using the constant
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Table 3.7. Fatigue Crack Growth Rate Precracking Conditions

Max Load (kN) | Min Load (kN) | Stress Ratio | Frequency (Hz)
3.0 0.3 0.1 50

Table 3.8. Fatigue Crack Growth Rate Specimen Dimensions

Specimen W (mm) | B (mm) | notch (mm) | precrack (mm) | ao (mm)
AB Flat(X) Avg 25.49 12.58 11.35 1.93 13.28
AB Edge(Y) Avg 25.47 12.64 11.33 2.14 13.47
AB Vertical(Z) Avg 25.47 12.61 11.32 2.13 13.45
MHT Flat(X) Avg 25.43 12.63 11.36 2.08 13.44
MHT Edge(Y) Avg 25.43 12.63 11.35 2.23 13.57
MHT Vertical(Z) Avg 25.46 12.63 11.33 2.23 13.56
CHT Flat(X) Avg 25.43 12.65 11.43 2.16 13.59
CHT Edge(Y) Avg 25.34 12.66 11.32 2.53 13.85
CHT Vertical(Z) Avg 25.39 12.66 11.33 2.54 13.86

force amplitude procedure outlined in[ASTM E647-15| Section 8.5. A load was applied

to the specimens in force control mode, with a set stress ratio of R=0.1 chosen
for this research. [AB| specimens were cycled at a rate of 10 Hz with corresponding
peak and minimum force values of 3.0 kN and 0.3 kN for the entire duration of the test.
Several specimens were initially run with peak and minimum force values of 3.0
kN and 0.3 kN at 50 Hz until the equipment was unable to accurately produce the
required force levels. This occurred nominally between 300,000 and 400,000 cycles.
The remainder of the tests of the MHT|and [CHT]specimens were tested start to finish

at 10 Hz. A total of 45 specimens were tested for FCGR} 15 in the condition, 15
in the condition, and 15 in the [MHT] condition. For each of these conditions

there were 5 specimens tested for each of the specimen build orientations.

Optical measurements of the surface crack were taken to complement the data
recorded by the clip gauge. Optical measurements were taken in an automated process
every 500 cycles during testing. Using the software built into the controller a

digital signal could be sent to trigger the digital camera based on the number of
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Table 3.9. Testing Procedure for Fatigue Crack Growth Rate Testing

MTS Procedure for Fatigue Crack Growth Rate Testing
Initiate dwell command in displacement control for upper axial head
Begin force ramp up to 2.5 kN
Initiate dwell command in force control for lower axial head for 5 seconds
Send digital out signal to take initial crack image
Begin cycling at 3.0 kN and 0.3 kN at 10 Hz. (Data collection only occurs during cycling)
When cycles count reaches 500, ramp force to 0.5 Pya, (1.5 kN)
Initiate dwell command in force control for lower axial hydraulic head for 5 seconds
Send digital out signal to take crack image
Return to Step 5 and repeat Steps 5-9 until specimen fails
0 | MTS machine automatically shuts down when displacement exceeds 25.4mm

=1 OO0 | Y| U x| WD =

cycles run. This signal was passed through a National Instruments Digital In/Out
6229 Universal Serial Bus before being received by a MATLAB script developed in
house to trigger the Pixel Link digital camera. Equipment limitations allowed for
imaging of only the front side of the specimen. Images were assigned file names
relating to the number of cycles when the image was taken and were stored for later
analysis. Due to the volume of data taken in this process the script required resets at
periodic points in the test to allow sufficient available memory. Optical crack length
measurements of the precrack and of the final fracture surface were used to correct
for crack lengths calculated from data. This data was used to provide a
linear correction to the based crack length readings. This process provided
satisfactory results and was used to confirm the accuracy of calculated crack length

readings.

3.6.4 Fatigue Crack Growth Calculations

[CMOD], force, and number of cycles were recorded and used to calculate the crack
length and the stress intensity factor. The crack length was determined by measuring
with a clip gauge extensometer and performing calculations as laid out in
Equations and . Stress intensity factor range is calculated via Equation [12].

Code developed by James Larsen, Jay Jira, and Kakkaveri Ravichandran was used to
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da

%) vs stress intensity factor range (AK)[56]. This code

determine crack growth rate (

was developed based on the incremental polynomial method listed in [AS'T 647-15

(Appendix X1.2) and uses a seven point system to create the data for g—ﬁ, and AK.

Following this process, plots of % vs AK were created for each specimen and for the

various conditions tested. MATLAB code used to generate crack length values and

cycle count can be found in Appendix B Section [B.2]

ExCMOD x B
Uy = \/ i 2 (3.5)
P
a = a/W =1.0010 — 4.6695 * u, + 18.460 * u> 5.
3.6

—236.82 % ud + 1214.9 % ul — 2143.6 * u>

AP 2
O (0.866+4.64% a— 13.32% ()2 + 14.72% (0)° — 5.6 % (2)*)

AK = *
Bx VW (1—-a)z

(3.7)

For each of the nine experimental conditions a power law fit was computed to
represent Region 2 behavior. This was accomplished for AK between 30 and 50
MPay/m. Power law fits take the form of Equation as developed by Paris [24].
This power law can be used to compute a fatigue crack growth life (Ny), given an
applied stress range (Ao), initial crack length (a,), and final crack length (ay). This
derivation is shown in Equations [57]. In this derivation AK = Y Aoy/7a
where a is the crack length and Y is a geometry correction factor. Equation [3.6] is
valid for m # 2 and Y = constant. In this study, Y = 1.122, corresponding to an edge
crack in an infinite medium. Equation [3.6] was used to demonstrate the differences

in damage tolerance due to the differences in orientations and heat treatments, as
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discussed later in Section [4.4.1]

da m
N - CAK (3.8)
da_ C(YAoy/ma)™ (3.9)
AN '
Ny af
CY™(Ao)mr™/? / dN = / % (3.10)
0 ao
2 1 1
N; = —
I 0 BeyE (a A (a7 (3.11)
for m # 2

3.6.5 Exclusion of Data

Due to irregularities during testing four specimens were removed from considera-
tion while generating results. An early test on specimen Vertical(Z) 3 was run
at 50Hz but was unable to keep the desired force range as the crack length increased.
This led to a changing R ratio during the test and that sample was excluded from
further calculations. Two of the specimens, Edge(Y) 1 and Edge(Y) 2, were
initially cycled at higher frequencies until the force range became unreliable but were
then stepped down to 10 Hz for the remainder of testing. This caused an artificial
drop in the crack growth rate, skewing the results of the average crack rate fit and
required exclusion of these samples. The final excluded specimen was the first test in
the heat treatment. The test profile for this specimen, Flat(X) 1, included
periodic stops to allow for optical image collection. During these pauses data col-

lection was not stopped and caused errant crack length readings which resulted in
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unusable data. The data from these four specimens was not used for calculation of j—]‘\l,
or AK. The exclusion of data from these specimens allowed for accurate measurement

of [FCGR] without introducing undue bias to the experimental procedure.

3.7 Fracture Surface Analysis

Initial fatigue tests performed during experimental set up revealed evidence of
the specimen build orientation in the fracture surface that was visible to the naked
eye. Thus fracture surface analysis was used to quantify the results. This was ac-
complished by means of a white light macroscope and a laser scanning microscope
capable of analyzing the fracture surfaces and producing surface roughness results.
The specific devices used were a Keyence VR-3200 3D Measurement Macroscope and
a Zeiss Axio Observer.Z1 Laser Scanning Microscope, respectively. Specimen imag-
ing was conducted at 25X magnification on the macroscope. Multiple images of the
surface were taken and stitched together by the device’s software. For[F'T]tests, rough-
ness measurements were taken in the precrack region and in the fracture region. In
the fracture region measurements were taken parallel and perpendicular to the crack
front. Surface area roughness measurements were also taken in both the precrack and
fracture regions. All [F'T] specimens were measured using the macroscope. Prior to
examination of the FCGR] fracture surfaces the macroscope failed and evaluation was
moved to the Zeiss Observer.Z1 for all[FCGR]specimens. This method of examination
provided topographic maps of a small area of the fracture surface with corresponding
surface roughness values. Optical images