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The increasing adoption of metal Additive Manufacturing in high-performance industries,
particularly aerospace, necessitates a comprehensive understanding of fracture-critical properties
to ensure structural reliability. However, property variability remains a significant barrier to the
qualification and certification of AM components. Additionally, standard post-processing
treatments have proven inadequate in consistently enhancing the fracture-critical properties of
AM titanium alloys, necessitating modifications to advance the state-of-the-art in post-
processing. This study investigates the intra-build variability — the part-to-part variations — of
electron beam powder bed fusion Ti6Al4V, focusing on fracture toughness and high cycle

fatigue performance, while also evaluating the effectiveness of an optimized low-



temperature/high-pressure hot isostatic pressing treatment currently developed in AMS7028 in
improving damage tolerance. A systematic design of experiments approach was employed to
evaluate the influence of common design parameters — including sample orientation, geometry,
and spatial location— on microstructural evolution, defect distribution, and mechanical behavior.
Seven builds comprised of over 270+ compact tensile and 155+ high cycle fatigue samples were
printed representative of the PBF-EB build space, followed by microstructural characterization,
X-ray microcomputed tomography, surface roughness analysis, and fracture toughness and high
cycle fatigue testing per ASTM E399 and ASTM E466, respectively.

The average fracture toughness in the as-built condition was 65+6 MPaVm, with
preferential crack growth direction the dominant factor influence damage tolerance, resulting in
orientation-dependent crack propagation mechanisms contributing significantly to property
scatter. Additionally, the spatial location and geometry effects demonstrated strong correlations
with microstructural variations, influencing the fracture resistance. Thicker samples exhibited
higher fracture toughness, further emphasizing the critical role of part design in mechanical
performance. The application of modified low-temperature/high-pressure hot isostatic pressing
process effectively enhanced fracture toughness to 74+4 MPaVm by reducing internal defects
and increasing ductility while preserving the microstructure and yield strength. However, crack
propagation dependent on build direction and location-dependent properties remained, highlight
the persistent influence of the as-fabricated microstructure.

High cycle fatigue behavior was primarily governed by surface and subsurface defects,
with as-built surface roughness contributing to the largest variation in fatigue life. While HIP
treatment alone was insufficient to enhance fatigue performance, combining LTHIP, machining,
and shot peening significantly improved fatigue strength up to 400 MPa, surpassing cast
Ti6Al4V properties. Despite these improvements, intra-build design parameters continued to
impact fatigue scatter, with 6mm samples exhibiting 50 — 60 % reduction in fatigue life
compared to the 9mm samples due to increased sensitivity to defects.

This research provides crucial insight into the interplay between part design, build design,
microstructure, and fracture-critical properties in PBF-EB Ti6Al14V. The findings highlight the
need for intentional build strategies, where sample orientation, geometry, and spatial location
influenced should be considered when adopting PBF-EB components in load-bearing

applications. Furthermore, by implementing traceability of design parameters and PBF-EB-



specific post-processing, consistent and repeatable mechanical performance can be achieved. By
demonstrating that PBF-EB Ti6Al4V can achieve fracture toughness and fatigue strength
comparable to cast and wrought alloys under optimized condition, this study aids in advancing

the metal AM for safety-critical applications in aerospace and beyond.
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1 Introduction

Critical components with complex geometries have long been manufactured using
conventional techniques such as casting or forging, powering the Industrial Revolution and
beyond. However, further topological complexities (e.g., topology-optimized parts) require a
paradigm shift. Metal additive manufacturing (AM) techniques offer a technologically viable
pathway to realizing this paradigm shift in manufacturing parts with intricate geometries using

metals 1

. Due to the stringent demands placed on damage tolerance by regulatory bodies
demanding rigorous examination, the adoption of AM in service components has been slow. Key
roadblocks to metal AM certification have been identified by various groups, including
researchers, government agencies, and standard organizations 3-. One topic that continues to arise
as a major hurdle in metal AM is the property variability that generates from the start to the end of
the fabrication process 3. As researchers investigate the mechanical properties from subsequent

812 and different machine generations '*!'4, there exists a gap in

builds ®7, powder reuse
understanding the contribution of the Electron Beam Powder Bed Fusion (PBF-EB) process-
induced features on property variability. Therefore, the objective of this research is to investigate
the part-to-part variability in the PBF-EB fabricated Ti6Al4V within the build chamber, termed
the intra-build variability. To do so, this study has performed extensive and systematic fracture
toughness and high cycle fatigue testing, focusing on the influence of intra-build design parameters
on the fracture-critical properties. In doing so, we obtained a comprehensive understanding of the
variability within the build space due to the printing process; a topic necessary in advancing
adoption of AM for safety-critical applications. The scientific rationales for investigating the
fracture and fatigue properties of PBF-EB Ti6Al4V are first introduced, followed by the general
structure of the dissertation. The introduction is further substantiated by a comprehensive
background provided in the following chapter, imparting further insight into the state of the art.
Damage tolerant structures are designed to sustain loads even in the presence of existing
damage, such as cracks or defects, to prevent catastrophic failure. These designs are crucial in
aerospace applications, where safety and reliability are paramount. By focusing on damage
tolerance, metal AM components that meet the stringent requirements of aerospace industry can
be adopted. Current shortcomings of metal AM include porosity, surface roughness, and

15,16

anisotropy '°, which directly map to damage tolerance and the survivability of deployed products
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17, The common shortcomings which influence the tensile behavior of PBF-EB Ti6Al4V result in
a large range of data reported for fracture toughness and can be detrimental to fatigue performance.
As a result, experimental testing is used to investigate these fundamental mechanical properties.
Since metals are inherently imperfect, it is difficult to ascertain the ability of a material to resist an
applied load in the presence existing damage with tensile testing alone. In contrast, fracture
toughness is the critical mechanical property that quantifies a materials resistance to crack
propagation under applied load, playing a vital role in determining its reliability and performance
in structural applications. For titanium alloys such as Ti6Al4V, High Cycle Fatigue (HCF) is also
especially critical as metal AM processes become widespread in demanding aerospace applications
where 55% of failures are due to repetitive loading '®. Since the deployment ability of PBF-EB
Ti6Al4V is dependent on fracture toughness and fatigue performance, it has attracted a large focus
in metal AM research 2!, However, the limited build design information and minimal number
of samples make it difficult to qualify and certify metal AM properties for damage-tolerant
designs.

The scatter in metal AM properties is further fueled by the AM process, where the build
design contributes to variation in mechanical properties 13?2724, While these investigations have
evaluated the quality of the metal, Best Practices developed based on the intra-build design effects
are vital for adoption of end-use components. In lieu of standards-driven Protocols, AM samples
are often subjected to post-processing to obtain optimal properties, where defect removal and

2527 Furthermore, post-

microstructure coarsening produce a broad range of mechanical properties
processing may complicate understanding the foundational impact of the layer-by-layer
manufacturing process on property variation, making it difficult to uncover. Not to mention the
increase in cost and manufacturing lead-time.

On the other hand, subjecting materials to AM-optimized post-processing treatments could
prove useful in enhancing performance. ASTM F2924 provides guidelines for post-processing of
metal AM Ti6Al4V to reduce internal defects and enhance mechanical properties?®. While
foundational for metal AM, advancements in HIP optimization for PBF-LB Ti6Al4V has led to
development of AMS7028 2°. However, its suitability for PBF-EB Ti6Al4V remains uncertain,
necessitating further research to confirm application for critical applications. Therefore, the

primary goal for fabricating stress-critical components should be understanding the source of

variation due to the fabrication process. Especially in fabrication of metal AM components, where
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the line-by-line movement of the beam establishes a unique microstructure which continues to
grow with the addition of each layer. As a result, the final component design and build orientation
dictate the microstructure and subsequent mechanical properties, where traceability of the design
and fabrication process is vital from start to finish. To further understand how each of these intra-
build design parameters influence PBF-EB Ti6Al4V performance, it is crucial to approach the
experiment systematically which allows for the statistical interpretation of the data. However, the
ability of the PBF-EB metal to mitigate catastrophic failure depends on understanding the
influence of build design on fracture resistance and cyclic behavior, inspiring an experimental
approach. Hence, both experimental evaluation of the fracture critical properties and the factors
influencing the metal quality and performance due the printing process are vital to the fabrication
of repeatable and reliable mechanical properties.

This thesis is organized as follows. Chapter two provides a comprehensive review of the
current literature inspiring this research, followed by the motivation and objectives of this study in
chapter three. Chapter four provides the experimental methods used to achieve the goals of this
research. In the fifth chapter, the results from fracture toughness testing are used to investigate the
untreated PBF-EB Ti6Al4V resistance to crack growth. The microstructure and internal defects
were used to interpret the variation in fracture toughness as a function of the build design
parameters. The spatial location and geometry were found to significantly influence fracture
toughness variation. The sixth chapter explores the impact of intra-build design parameters in
crack growth resistance after being subjected to post-processing. A modified hot isostatic pressing
treatment was used to limit change in microstructure while reducing internal defects. pCT analysis
was used to evaluate the effectiveness of HIP, where samples were scanned before testing. The
results provided evidence for the efficacy of post-processing PBF-EB Ti6Al4V. In the seventh
chapter, HCF testing in various surface conditions were investigated. The results focused on the
different features associated with generating and propagating fatigue cracks resulting in failure. In
addition to HCF testing, pCT and mechanical properties were incorporated to predict the fatigue
performance. The eighth chapter provides a discussion of the PBF-EB fracture-critical properties,
pathways towards enhancing the fracture-critical properties, and the influence of build design
parameters. Our study paved the way for implementing standards-driven build design and
fabrication of PBF-EB Ti6Al4V components. Finally, the ninth chapter summarize and concludes

all of the work, providing recommendations for the future work.
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2 Background and Literature Review

Metal Additive Manufacturing, also known as 3D printing, has revolutionized the
fabrication of unique, lightweight, and complex components, especially for high-performance
applications. Despite the design freedom it offers, the widespread adoption of metal AM for
critical-safe applications is hindered by challenges related to structural integrity and durability.
This literature review explores various aspects of metal AM, including the printing processes,
microstructure, and mechanical performance. Furthermore, the review examines factors
influencing property variability and factors hindering certification, establishing the critical need
for foundational research on the sources of variability in the PBF-EB process. While a variety of
metals are available for metal AM, this chapter focuses mainly on titanium alloys, specifically

Ti6Al4V which makes up over 50% of titanium alloys used in aerospace structures °.

2.1 Metal AM Process

Metal additive manufacturing processes, such as binder jetting, material extrusion, powder
bed fusion (PBF), and direct energy deposition (DED), each have unique fabrication process that
influence the microstructure and mechanical behavior of final components. Each of these emerging
metal 3D printing techniques employ their own energy source, feedstock state, and material
feeding process '>193! As a result, the raw material application, support structure, and process
parameters affect part complexity, surface roughness, microstructure, and mechanical properties,
as highlighted in Figure 2-1. PBF and DED are considered direct manufacturing techniques,
resulting in consistent components with superior dimensional accuracy and mechanical properties.
In contrast, indirect manufacturing techniques (material extrusion and binder jet) require further
post processing to achieve the final component 3!. Due to the focus on technologies prevalent for

industrial applications, this document reviews PBF and DED processes.

19



eTitanium Alloys N\

eAluminum Alloys

*Nickel-based Alloys

sStainless Steel

*Magnesium-based Alloys

*Cobalt Chromium )
~

*Powder Feedstock

*Component/Build design

*Powder bed fusion or Direct Energy Deposition
MEQEG ] eProcess Parameters

Process y
*Build removal N\
*Support removal
e*Heat Treatment
Post-Build eSurface Treatment
*Hot Isostatic Pressing )
. . )
*Tensile Properties
sFracture Toughness
Mechanical *High Cycle Fatigue
Performance B Fatigue Crack Growth
J
N
eAerospace
eAutomotive
Applications [REGIEE
J

Figure 2-1: The metal AM process from start to finish.

The PBF printing process is extensively explored for engineered components, making it a
promising alternative to conventional manufacturing. In PBF, a layer of powder with a
predetermined thickness is distributed on the powder bed from the hopper(s) and selectively melted
using the respective heat sources (laser or electron beam) 6. During the melting of a single layer,
the outer edges or contour are melted initially, and the inside region is melted in a line-by-line
fashion, referred to as hatching, as indicated in Figure 2-2a. Once the specified regions in the layer
is melted, the build platform lowers, a new layer of powder applied, and the specified regions
melted as the process continues until the component is fully fabricated. As each new layer is
applied, the previously melted regions undergo rapid cooling and heating, experiencing complex
thermal cycling, as seen in Figure 2-2b. This repetitive thermal cycling influences the resulting
microstructure as observed in Figure 2-3. As a result, heat accumulation and cooling rate depend

on the geometry of the samples, spatial location, and support structure utilized. Once the build is
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complete, the unmelted powder particles are removed, sifted, and often reused for subsequent
builds.
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Figure 2-2: (a) The metal AM line-by-line scanning strategy in a single layer *2, (b) Thermal
profile experienced a single layer in metal AM of Ti6Al4V ¥

Prior B grain boundary

° ° Narrow grain
o boundary a

+ A
Fine Widmanstitten /2
structure

Grain boundary a Separation of

N
a grain from grain <
e O \

Wide grain boundary a

+
Rapid cooling

rate

Coarse Widmanstitten

G

Grain boundary a

a nucleation Widmanstatten
structure

a or a’ nucleation

Figure 2-3: Ti6Al4V microstructure formation process, dictated by cooling rate3

Electron beam melting PBF (PBF-EB) melts a layer of powder through the acceleration of
electrons emitted from a tungsten filament (in A2X system) using the electromagnetic coils, shown
in Figure 2-4. This process sinters and subsequently melts predetermined regions in the powder

bed using the electron beam 737, The electrons are focused and deflected by the electromagnetic
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lenses along the column, which can result in high processing temperatures (300 — 1100°C) 3® and
several kilowatts of power output, much high than the laser energy output of laser-based PBF
(PBF-LB) systems (200-1000W) 3°. The temperature and power control unique to this melting
process not only stabilizes the powder bed but optimizes the energy input for processing different
metal alloy, making it preferable for materials prone to cracking (e.g., Nickle-based alloys) and
reflective alloys such as copper #. To enable fast printing without interacting with its surroundings,
the system operates under a vacuum environment (10* — 10> mbar), when coupled with the high
temperature, limit contamination and oxidation, preferable when manufacturing metals prone to
oxygen pickup such as titanium and aluminum alloys. The high build temperature of the PBF-EB
process yields properties comparable to wrought alloys with negligible residual stresses *!, high
elongation #?, and promising fracture toughness '>*3. However, the larger powder size used in the
PBF-EB process requires a layer thickness between 50 and 150um and focal spot size between
140 to 250um, often yielding components with poor surface quality. However, due to the rough
surface and desired properties, there is a growing interest in the tribological properties of the

44,45

samples for medical use, with recent research on the wear of the PBF-EB surface “**°, where Soria

et al.*> demonstrated the frictional dissipated energy is dominated by the microstructure.
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Figure 2-4: The PBF-EB internal schematic and the layerwise PBF additive process **

In contrast to PBF-EB, laser powder bed fusion (PBF-LB) uses a high-intensity laser beam
to fabricate components. The smaller layer thickness (20 to 200um), focal spot size (50 to 180um),
and powder size (~30um) yield parts with improved surface finish and dimensional accuracy
compared to PBF-EB !©3!, However, PBF-LB fabricate components at very low temperature,

which leads to residual stress build up due to the rapid cooling rate with the application of each
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layer. To limit part distortion during printing, parts are printed directly onto the build platform,
requiring post-machining. The residual stresses in the part can lead to premature build failure in
higher strength alloys such as titanium or Inconel and reduced fatigue 647 and fracture toughness

4830 where a stress-relief operation is often performed. However, the overall faster

properties
manufacturing turnaround and lower machine costs have made it a very popular metal AM method.
Recent research on PBF-LB utilizes a machine learning approach for predicting metal performance
>, where data-driven explicit models were developed to predict mechanical properties with respect
to the process parameters.

The quality of the metal components manufactured by DED depends on the type of heat
source, build environment, deposition parameters, and the powder feedstock. The DED process
focuses a heat source (laser, electron beam, or electric arc) to melt the feedstock material (powder
or wire) onto a substrate 32, In contrast to the PBF processes, the flexibility of the DED platform
is not restricted by size, making it popular in fabricating large-scale components or in repair of
low quantity parts >3. For example, some DED technologies fabricate components in atmosphere-
controlled environment or vacuum, while other systems use an inert gas shroud tom limit
contamination and oxidation. This allows simultaneous printing or multiple axis deposition to
fabricate complex components, in a large work envelope. However, the larger layer thickness (250
to 500 um), fast printing speed (0.5 — 10kg/hr.), and large spot size (0.3 to 3mm) result in
components with residual stresses, shrinkage, poor dimensional accuracy and low density, where
secondary post-processing is often required to obtain engineered components >33, Recent research
in DED manufacturing has developed an increased efficiency in manufacturing large-size lattice

structures, where Xu et al. >*

developed parallel multi-arc method to fabricate components with
reduced distortion in a shorter time. Fabricating multi-material components is also another popular
area of investigation, where metal-ceramic composites can introduce new exciting materials for

structural applications >°

. However, to fabricate complex multi-material components with
acceptable mechanical properties, a comprehensive experimentation is critical.

In summary, PBF and DED are the two commonly used metal AM technologies capable
of fabricating complex engineered components, summarized in Table 2-1. Understanding the
printing process and the resulting structure and mechanical properties is essential for producing

high-quality parts.
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Table 2-1: Comparison of metal AM processes

16, 31, 38,52,53

AM Process PBF DED
Heat Source Electron Laser Electric Electron Laser
Arc Beam
Power (W) 50 — 7000 200 — 1000 1000 — 3000 | 500 —2000 | 100 — 3000
Speed (mm/s) 10-1000 10-1000 5-15 1-10 5-20
Dimensional 0.04-0.2 0.04-0.2 1-1.5 05-1
Accuracy (mm)
Surface 10 - 50 5-20 815 4-10
Roughness
(pm)
Materials Titanium, Cobalt Aluminum, Aluminum, | Titanium, | Aluminum,
Chromium, Titanium, Stainless Titanium, Stainless Titanium,
Magnesium, Steel, Inconel Stainless Steel, Stainless
Inconel Steel, Inconel Steel,
Inconel Inconel
Advantages Negligible Fine lamellar Used in repair or hybrid systems
Residual microstructure, large build platform,
Stresses, lamellar better surface
microstructure, roughness,
vacuum, rapid improved
print speed dimensional
accuracy, higher
metal density
Disadvantages Poor surface High residual Poor dimensional accuracy, poor surface

finish, long
cooldown period

stresses, post-
processing required
to remove parts
from platform,

2.2 Process-Induced Attributes

finish,

Rapid solidification due to the hatching melting process results in a fine microstructure

similar to a quenching treatment. With the addition of each layer, the previously deposited layers

undergo repetitive heating and cooling, resulting in complex thermal cycling that must be

considered when evaluating the microstructure and residual stresses. Additionally, process

parameters dictate the quality of the metal. Specifically, the scan speed and beam direction dictate

the shape and size of the melt pool and solidification rate, influencing the resulting meso-structure:

grain orientation, grain size °%, defect formation >*-¢!, and surface roughness >4, These factors

together yield components with unique microstructure and mechanical properties which differ

from traditionally manufactured components. The following sections will provide an overview of

the AM process-induced features including microstructure, flaws, residual stresses, and surface

roughness.
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Table 2-2: The defect types, causes and characteristics in metal AM

Defect Type Cause Characteristics
Gas entrapment/ vaporization, or
excessive energy

Insufficient energy or scan Large, flat, and irregularly shaped, often

Gas porosity Spherical gas pores

Lack of fusion parameters found between layers
Unmelted powder Insufficient ~encrgy or hatch Partially or incomplete melted powder
parameters

keyholing Excessive energy Large and round shape
Cracks/Delamination  Residual stresses discontinuity in material

partially fused particles, unmelted/surface
Surface roughness . S

discontinuities

2.2.1 Microstructure

The microstructure of metal AM alloys depends on process parameters, thermal cycling,
geometry, and sample orientation. In both the PBF and DED printed alloys, a columnar grain
structure is often observed due to the repeated thermal cycling  and the continued growth of
grains from previous layers as seen in Figure 2-5. This grain structure influences anisotropic

6668

mechanical properties , making post-processing often desired. Therefore, researchers have

rigorously investigated process parameters to optimize the metal AM microstructure, shown in

Figure 2-6. Kumar et al.

changed the checkerboard microstructure in PBF-LB changed to a more
globular and equiaxed microstructure as scan rotation changed from 90° to 67°. Liu et al. ° further
explored the transition mechanism from columnar grains to equiaxed structures, demonstrating the
transition is controlled by undercooling when changing from a spot strategy to line melt. However,

the anisotropy in microstructure and the subsequent mechanical properties continues to prevail.
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Figure 2-5: EBSD maps of the typical microstructure of PBF-EB Ti6Al4V exhibiting columnar

prior B-grain formed along the build direction with a basketweave o+p, and a colony

microstructure’’
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Figure 2-7: SEM images of PBF-LB microstructure. ’
While a variety of alloys have been explored for metal AM, this review will mainly focus
on the behavior of titanium alloys. The rapid solidification of the metal AM process results in a
component with a fine microstructure, often containing fine martensitic o’ phase shown in Figure
2-6 and Figure 2-7. Due to the elevated build temperature in the PBF-EB process, the

microstructure is further transformed into a more ductile a+f basketweave microstructure, within
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the columnar prior-p grains 8. Studies have reported that the columnar grains may have a more
significant effect on anisotropy than the weak a phase texture, with the mechanical properties are
dictated by the prior-p grains and basketweave microstructure a+p . Post processing treatments
can further be employed to alter the component microstructure to obtain desired properties .
Stress relieving between 480 - 650°C can transform the fine martensite o’ towards o, while a higher
temperature annealing (705 — 975°C) can promote formation of B precipitates along the a-laths
and coarsening of the a-laths 7. Alternatively, heat treatments above the B-transus temperature of
950°C can alter the microstructure through recrystallization, globularization, and prior-f grain
growth, removing the anisotropic grains formed during the AM fabrication process. The influence
of microstructure of the metal AM properties will be further explored in the following mechanical

property sections.

2.2.2 Internal Defects

Process parameters also influence the formation of internal defects, which ultimately affect
the quality of metal AM components. Flaws includes gas porosity, lack of fusion (LOF),
inclusions, and keyholing. These flaws reduce metal density and act as a source of crack initiation
under loading. The larger track size of the DED process and lower input energy can lead to partially
unmelted regions 7. Therefore, optimizing process parameters is critical to achieve full dense
components by altering the layer thickness and scan strategy. This is especially critical as there is
a direct link between the energy input and defect formation. Insufficient energy can result in
partially molten areas and LOF defects shown in Figure 2-8, which are often found between or
across multiple layers and exhibit an irregular shape with sharp corners. Conversely, excess energy
input leads to an unstable melt pool, causing spatter and constituent vaporization, resulting in

trapped gas particles and keyhole defects 7.
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= (a) o 2 ? (b)
Figure 2-8: High magnification images of (a) LOF and (b) porosity defect. The LOF defect forms

between two layers and contains unmelted or partially melted powder particles. 7

Flaws may act as crack initiation sites under loading, which is detrimental to fatigue
behavior. However, not all flaws are created equal. The shape, size, and location (relative to the
external surface or other defects) influence the mechanical properties, where in-depth
investigations on effects of defects are vital 8!, The three defect characteristics of interest are
sphericity, aspect ratio, and size. Sphericity measures how spherical the defect is and is calculated
as the ratio of the sphere and flaw’s surface area, shown in Figure 2-8. Aspect ratio is the ratio
between the smallest and largest dimension of the bounding box the defect encompasses. And the
defect size is the largest diameter of the flaw. These characteristics help differentiate between near-
spherical gas pores and the flat, irregularly shaped LOF defects. The porosity diameter has been
correlated to the melt pool size, with the PBF-LB exhibiting smaller average diameters than PBF-
EB, while hatch spacing dictates the LOF size. Tammas-Williams et al. > observed LOF defects
often form roughly 0.5 mm from the sample surface, coinciding with the external contour and
internal hatching scan overlap in the PBF-EB process. Changing the laser scan orientation or
hatching overlap between adjacent melt-pools has been successful in reducing large LOF defects
8 Powder feedstock also influences porosity in samples 2. While optimizing process parameters
is the first essential step in fabricating PBF-EB components, using appropriate feedstock is crucial

for achieving desired mechanical properties.
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2.2.3 Residual Stresses

The rapid localized heating and fast cooling experienced with the addition of each layer
result in localized heat accumulation, leading to formation of high thermal stresses. With the fast
solidification rate, these thermal stresses turn into residual stresses, which can lead to geometric
distortion and premature build failure 3. The elevated build temperature of the PBF-EB process
acts as a stress-relief process, making residual stresses negligible. However, the lower process
temperature of the PBF-LB and DED processes yields components with residual stresses along the
build direction, sometimes 50-80% of the yield strength of the alloy, with the highest concentration
near the part-platform interface 8%, The surface and subsurface residual stresses act as sources of
crack initiation, ultimately leading to cracking, warping, and potential build failure. To diminish
the tensile residual stresses, post-processing is often implemented. Heat treatment can significantly

improve the mechanical properties of PBF-LB and DED samples 67:8687,

However, post-
processing can be time-consuming and costly, motivating process parameter optimization. Ali et
al. 88 demonstrated the magnitude of residual stresses is related to the length of the scan line, where
long uninterrupted lines of laser travel are undesired. Through alternating the scan strategy to 90°C
and optimizing the layer height, residual stress build up were shown to be reduced. In another
study, Ali et al. 3 significantly reduced the tensile residual stresses formed during fabrication of
PBF-LB Ti6Al4V by preheating the build platform. They found that preheating the build
temperature to 570°C resulted in enhanced the strength and ductility of the metal through

decomposition of fine microstructure. While several methods are available in mitigating the

residual stresses, the influence on mechanical properties need to be considered.

2.2.4 Surface Roughness

The poor surface finish of metal AM parts depends on the layer-by-layer process, which
creates staircase effect, partially melted powder particles, or unmelted regions, shown in Figure
2-9. The surface finish depends on the AM technique, with DED samples exhibiting the best
surface finish (4-15 wm) compared to PBF-LB (7-15 um) and PBF-EB (25 pum) 629390 The process
parameters, powder feedstock, build orientation, and geometry which influence microstructure,
defects, and residual stresses, also impact the surface finish of AM components. One of the largest
sources of variation in surface roughness is related to build orientation. Components with a

downward or angles surface exhibit the roughest surface finish, while upwards facing surfaces
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have the best finish °!. While studies have reported the rough finish promoting bone-growth in
biomedical applications >3, the surface defects can be detrimental in load-bearing applications
2694 The as-built surface acts as dominant source of crack nucleation under fatigue loading,

making post-processing applications vital for achieving long lasting AM parts.

primary roughness =
\ %

Figure 2-9: The rough surface exterior of PBF-EB components composed of partially melted
powder particles %

In summary, the process-induced features form due to the metal AM fabrication process
and can significantly influence the quality and performance. As a result, understanding the impact
of process parameters and thermal cycling on the microstructure, flaws, residual stresses, and
surface roughness is essential for optimizing the quality and performance of metal AM

components.
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2.3 Failure in Metals

In manufacturing, a “failure” typically occurs when a part does not meet its intended
function due to defects, such as those discussed in the previous section. Cracks may arise from
imperfections in the metal that cannot withstand localized stresses, leading to crack initiation and
growth. Such defects typically exhibit a much larger size than anticipated in the components’ factor
of safety, leading to premature failure even when the applied loading is lower than the materials’
tensile strength. Figure 2-10 provides a summary of the typical failure types in aircraft
components, with fatigue failure making up the majority of failure. This becomes a concern
especially under fatigue loading, where cyclic loading experienced by the component can result in

catastrophic fracture.

Percentage of Aircraft Component Failures

m Fatigue

m QOverload

m High temperature corrosion
/ m SCC/Corrosion fatigue
m Wear/abrasion/erosion

m Corrosion

Figure 2-10: The types and percentage of aircraft component failures

Process-induced defects often reduce mechanical properties and cause premature failure.
Internal defects and microstructural imperfections may cause microcracks under applied loading,
which continue to grow until reaching a critical size, resulting in failure. In contrast, surface
roughness irregularities result in a much larger stress concentration, where internal defects would
need to be 4-10x the size to have the same influence °%°7. While defects, internal or external, are
often responsible for the crack nucleation, small crack growth is governed by the microstructure
%8, Specifically, the strength of a material is influenced by how easily dislocation motion and slip

occur. Dislocations under applied loading result in plastic deformation, which is often responsible
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for work hardening. As the crack grows larger, crack propagation depends on the material.
Therefore, as components experience loading, many different aspects influence the mechanical
behavior and can be a source of property variation.

Fracture mechanics provides a methodology to evaluate behavior of imperfect components,
helping to understand and prevent structural failures by providing a "flaw tolerance limit". In
cracked components, the critical stress level is described by the stress intensity factors (SIF), which
depend on the size of the crack and components’ geometry *°. In conventional alloys, minute
variations in composition, microstructure, and residual stresses can adversely affect resistance to
fracture. This issue is exacerbated in metal AM due to the layer-by-layer fabrication process, where
post-processing is often necessary to achieve properties comparable to traditionally manufactured
alloys.

The microscopic events within the plastic zone size, such as microstructure, determine the
damage tolerance. Differences in grain size, orientation, and colony structure influence crack
growth behavior 8. In addition to these intrinsic features (microstructure, defects, and plastic zone
formation), extrinsic features such as material structure can increase crack growth resistance
without affecting strength. As such, it is important to understand how each of the process induced-
features influence mechanical properties, and the overall process-structure-property relationship

which ultimately effect metal AM component in engineered applications.

2.4 Mechanical and Fracture-Critical Properties

To be able to best use metal AM components, it’s not just key to understand their respective
process and process-induced features. One of the key things that is being more concentrated on is
developing a comprehensive understanding of the process-structure-property relationships. In
doing so, we can’t just look at the metal microstructure, defects, and process separately, but how
they are all intertwined together. Therefore, to aid in understanding how each influences the overall
component behavior, an overview of mechanical properties and the complexity in achieving parts

with a high strength, while maintaining superior fracture resistance can be achieved.

2.4.1 Tensile Behavior

The high strength-to-weight ratio that makes titanium Ti6Al4V alloy the “workhorse” of the

aerospace industry in conventional manufacturing '% also inspires AM research 20, While the
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structural properties of titanium make it a popular alloy, it’s high cost and reactivity result in usage
in niche applications. The features that contribute to property variation in conventionally produced
metals (e.g. surface roughness, internal defects, chemical composition, and microstructure) can be
further exasperated by the layerwise manufacturing process. In essence, the properties of AM-
produced parts can differ significantly from their conventionally manufactured counterparts due

23101102 gyrface finish 1°%1%4, and porosity 222319319 The following section provides

to anisotropy
an overview of how each of these factors influence the tensile properties and contributes to the
variation observed in current literature.

The fine microstructure produced by the metal AM process typically results in high static
strength and low ductility, following the Hall-Petch relationship 6197198, Table 2-3 provides a
summary of select tensile properties reported for AM Ti6Al4V, fabricated by PBF-EB, PBF-LB,
and DED, compared to wrought and cast alloys. As seen, the yield strength (YS) and ultimate
tensile strength (UTS) are comparable to, and in some cases even exceed, traditionally
manufactured Ti6Al4V. However, ductility or elongation at failure (EF) is significantly lower,
especially in the PBF-LB samples. The fast-cooling rate in the PBF-LB process yields a higher
strength but brittle alloy. In contrast, the slower cooling rate in the DED process and higher build
temperatures of the PBF-EB process yields alloys with comparable YS, UTS, and EF to wrought.
The higher ductility is due to the transformation of the fine o’ martensite to a lamellar a+f3
microstructure >¢. However, in some cases, ductility as low as 2% was reported in the DED process,
where oxygen contamination contributed to the increase in strength and drop in ductility '%°. Schur

et al. +2

reported similar finding in the PBF-EB process, where an increase in YS and over 50%
decrease in ductility was observed with increase in oxygen content with powder reuse. Therefore,
the chemical composition of alloys contributes to variation in properties, especially in reactive
titanium alloys that are susceptible to oxidation.

Yield strength, ultimate tensile strength, and elongation at failure often exhibit anisotropic
behavior, regardless of the metal AM process, as observed in Table 2-3. Figure 2-11 defines the
sample orientation with respect to build direction. The YS and UTS properties are often higher on
samples fabricated along the build direction (Z), with the most significant influence observed in

metal ductility. Columnar grains typically cause the anisotropic tensile properties ''°-!12; but,

additional AM process-induced features can contribute to the scatter in the tensile properties. The
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AM technology, powder feedstock, process parameters, and post-processing can influence the

anisotropy observed.

Table 2-3:Summary of tensile values of metal AM, wrought, and cast Ti6Al4V alloy

Yield Ultimate
Machine Raw Material Mefa.l Orientation Strength Tensile Elon(;gatlon Ref.
Type Condition (MPa) Strength (%)
(MPa)
PBF-EB
XY 783 £ 15 833 +£22 27404
Arcam Al Grade 5 As-Built 41
812+ 12 851+ 19 3.6+09
As-Built 928 +13.3 1,011+ 14.8 13.6+ 1.4
Arcam A2 | Grade 23 (ELI) 13
HIP z 813+ 14.3 908 + 3.2 17.7+0.9
Arcam . |14
A2 Grade 23 (ELI) As-Built XY 851.8+5.8 964+ 0.3 163+0.8
Virgin, Grade XY 739+2.7 857+ 104 9.28 +£1.06
5 z 733 +20.7 859 +20.5 12.2+0.42
Arcam Reused (x10), ) XY 837+2.6 940+ 7.6 691 +0.27 s
A2 As-Built
X Grade 5 z 838+9.5 924 + 16.6 9.71 + 0.46
Reused (X30), XY 1050 +£5.3 1120+ 8.7 3.53+£0.26
Grade 5 z 1000+£18.5 | 1130+ 188.6 | 7.34+0.33
. XY 973 1032 15
Arcam Q10 | 30% reused As-Built z 1051 1116 12
powder, Grade 116
S Aged XY 1039 1294 10
Arcam A2 As-Built XY 1006 1066 15
7 1001 1073 11
Compliant As-Built z 930+9 1015+5 13.4+1.7
Grade 5 -
Arcam rade Machined z 973 + 15 1053 +3 13.4+0.9 -
20+ .
Q Non-Compliant As-Built z 913+ 18 981 + 26 47420
Grade 5 Machined z 973 +20 1045+ 12 7.842.1
1110C/2h/WQ 17
— Grade 23, 50% Machined z 932 + 80 1200 + 50 1.8+1.5
reuse 1110C/2W/AC z 847 +90 998 + 90 1347
Machined
PBF-LB
EOS 270 Grade 23 Machined Z 1143 + 30 1219+ 20 49 +0.6 106
XY 1195+ 19 1269 +9 5405
SLM Grade 5 Machined + 7 961 1032 2.7 105
250HL SR
Realizer Grade 23 Machined Z 1150 1250 4 118
SLM 100
XY 1100 1150 4
Machined + 7 850 900 12
HIP
DED
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Z (top) 945 +13 1041 £ 12 145+1.2
DED-LB Grade 5 Machined Z (bottom) 970 £ 17 1087 £8 13.6£0.5 1
XY 960 + 26 1063 £ 20 109+14
Annealed + z 950 +2 1025 + 2 5+1
DED-LB Grade 5 Machined XY 950 2 1025+ 10 1241 1o
HIP +
Machined XY 850+2 920+ 1 17£2
+
Machined Z 976 %35
DED.LB Grade 5 XY 924 + 25
) race z 909 + 15
HIP 120
XY 879 + 30
Z 791 £ 20
EBAM Grade 5 HIP
XY 785 £ 35
Z 836+9 942 + 8 125+1.2
Wrought Grade 5 Annealed 121
XY 832+10 933+7 13£1.5
Cast Grade 5 896 1000 8 122,123

The PBF-EB process often produces parts with high surface roughness and internal defects

(e.g., spherical gas porosity and irregularly shaped lack of fusion (LOF)), both of which act as

crack initiation sites, reducing the tensile strength and elongation 1%%-124-126 Machining the PBF-

EB surface increased YS, UTS, and EF by 15%, 18%, and 20%, respectively. Thus, machining is

often recommended, especially in PBF-EB samples. Removing the rough surface shift the source

of crack initiation from the surface to internal defects !°:127:128 ' A direct correlation was observed

between the LOF pore area and EF, specifically causing scatter and reduced properties in the

vertical orientation, where EF decreased with increasing pore size 2. While similar trends were

not observed in the horizontal orientation, minimizing LOF formation is vital for repeatable and

reliable mechanical properties.

36




Vertical (z axis)

-

z - :>
Building
direction (Z)

Horizontal (x axis)

}
L

Figure 2-11: The sample orientation nomenclature with respect to the build orientation %

4

Even with optimal parameters, the complex thermal cycling of the PBF process contributes
to property variability. Repeated heating and cooling during melting of neighboring and
subsequent layers form a graded microstructure due to the reduced cooling rate ''4139, Yadollahi
et al. 3! found that the time between printing each layer in PBF-LB influences the microstructure

and the resulting the mechanical properties. Additionally, changes in sample volume !3%!133

127" and support structure '3* further influence the thermal gradient and cooling rate

orientation
within the sample, ultimately determining the local microstructure and mechanical behavior. For
example, Zhao et al. !'® investigated the tensile properties of PBF-EB Ti6Al4V with different
thicknesses, showing a 60% decrease in a-lamellae size as thickness decreased from 7 to 1.2 mm,
resulting in a drop in elongation from 14% to 3% due to the finer microstructure. In the same study,
the PBF-LB samples also exhibited finer o’ grains in the thinnest samples; however, the large
density of internal defects overshadowed any mechanical property variation resulting from
microstructure. Similar geometry-dependent mechanical properties have been demonstrated,
where a decrease in sample thickness resulted in an increase in strength and hardness, following
the Hall-Petch relationship expected with decreasing a-lath thickness '3>13¢, For this reason,

engineers need to fabricate test samples according to the final engineered component when

validating mechanical properties.

The thermal gradient within each sample is further exasperated as a different temperature
and cooling rate throughout the build space. Landau et al. 137 demonstrated that the center of the
build space experiences a slower in cooling rate resulting in ~70°C difference in temperature

between the center and the edges of the PBF-EB Q20+ build space. The increased conductivity of
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the build plate used in older PBF-EB generations also influence cooling rate, resulting in a finer
microstructure in samples at the start of the build and towards the edges of the build space
compared to the coarser microstructure towards the end of the build space 222> 127:138 Ag such,

Derimow et al. 13°

revealed a decrease in YS with increasing build height in samples up to 35mm.
Similarly, Hrabe et al. 4%!4! revealed a 3% and 30% drop in YS and EF, respectively, as samples
were placed closer to the edges of the build space 3. Other studies on build variation found the
change in properties was also attributed to the 3x increase in internal voids in samples built closer
to the edge of the build space, in addition to the change in microstructure.

While these studies have been foundational in understanding the variation in mechanical
properties with changes in design parameters, they evaluated the influence of each parameter
individually. As a result, there is a lack of holistic understanding of how the parameters influence
property variability and interaction with each other. In contrast, our previous study by Ghods et al.
127 evaluated the part-to-part variation with respect to sample geometry and location, using a multi-
factor approach to maintain traceability and pinpoint the sources of variation. The investigation
revealed that sample geometry and location each significantly influence the property variation,
where an increase in defects resulted in a 30% drop in EF and a 5% increase in Y'S due to the finer
microstructure.

To improve tensile properties and reduce scatter in mechanical properties, various

treatments have been performed in PBF and DED Ti6Al4V. These treatments include machining

26,42 87,117 117,142,143

, annealing , Hot isostatic pressing and tool-less surface treatments (i.e.,
cavitation, shot, or laser peen) *+14°, Removing the rough PBF-EB surface finish resulted in a 16%
increase in Y'S and 30% increase in ductility *2. Annealing treatments are often performed on the
PBF-LB alloys to mitigate the residual stresses and improve ductility. However, even with a stress
relief process, the ductility of the PBF-LB alloys remains below those of PBF-EB and wrought
alloys, where multiple processes are required. While stress relieving has not resulted in a change
in the PBF-EB mechanical properties due to the high build temperature and slow post-print
cooling, sub-f treatments have promoted recrystallization of columnar grain to a preferred
equiaxed, resulting in an increase in fracture resistance 6. Ter Haar et al. ¥’ evaluated a duplex
heat treatment process to obtain EF as high as 20% by transforming the microstructure into a
bimodal structure containing equiaxed primary o phase and a secondary lamellar a+f3 structure.

However, the internal pores and defects remained within the metal.
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HIP is a post-processing treatment often used in the aerospace industry to reduce internal
defects and residual stress and improve mechanical properties in conventional alloys '*¥. While the
HIP process reduces internal defects and increases ductility, the coarse microstructure leads to a
decrease in tensile properties 4%10, Similarly, Keist et al. ?° demonstrated a decrease in strength
overall from the coarsening of the a-lath structure without changes to the anisotropic mechanical
properties after HIP application of DED Ti6Al4V. Therefore, is there an increasing interest in
performing HIP treatments that deviate from the standard recommended 920-950°C/100MPa/2hrs
149.150  Ahlfors et al. 13! evaluated multiple HIP processes, founding the highest strength in PBF-
EB properties at 800°C, due to the limited coarsening of the finer a-lath microstructure. A super-
B HIP treatment (1030°C/175MPa/2hrs.) performed by Zhang et al. 7 demonstrated enhanced YS
and UTS, and significant improvement in EF compared to samples heat treated at the same
temperature. While the columnar grains remained in the SR samples, the transformation to
equiaxed grains in the HIP samples resulted in the isotropic strength and ductility. Overall, post-
processing metal AM components is beneficial. However, further attention is needed on evaluating
modified HIP treatments that reduce internal defects while refining the microstructure to obtain

superior strength and ductility.

2.4.2 Fracture Toughness

While the tensile properties of metal AM have been heavily investigated, information about
fracture is comparatively scarce. This is surprising because fracture toughness is a key property
needed for selecting appropriate materials for use in engineered components. For the adoption of
AM components, material reliability and structural integrity are essential to ascertain their
performance for long-term use. The diverse processing conditions contribute to variation in tensile
properties also influences fracture toughness !7. Intensive effort is needed to understand the
processing conditions that result in repeatable and reliable mechanical performance. The
combination of microstructure and residual stresses from the metal AM process considerably
reduces ductility, resulting in a decrease in fracture resistance. By altering the chemical
composition and fabrication process, microstructural changes enhance fracture toughness.
However, build orientation shown in Figure 2-12 and process parameters result in defects which

contribute to scatter in properties. Using optimal process parameters and secondary heat treatment
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can minimize defects. Furthermore, the increase in ductility and decrease of internal defects after
HIP treatment have shown promising results in enhancing fracture toughness of metal AM.

The typical fracture toughness for wrought Ti6Al4V ranges from 30 —100 MPavm,
depending on microstructure, orientation, and heat treatment °®!2!, The fracture toughness of PBF-
EB and DED is comparable to wrought alloys and double those of PBF-LB %132 summarized in
Table 2-4. The residual stresses coupled with the fine martensitic microstructure in as-fabricated
PBF-LB alloys contribute to lower fracture toughness properties. The higher fracture toughness of
PBF-EB and DED in the as-built condition is a product of the preferred o+ basketweave
microstructure. A stress relief application in PBF-LB yield a metal with comparable toughness to
PBF-EB and DED, with the refinement of o’ structure into the more stable o+ preferred in-service
conditions *4. Kumar et al. 153 reported superior fracture toughness up to 106 MPavm (40-100%
increase) with a duplex heat treatment because of the o’ decomposition to a+f basketweave
structure in PBF-LB Ti6Al4V and a ~10-20% decrease in YS. In contrast, a duplex heat treatment
of PBF-EB Ti6Al4V performed by Dzugan et al. '>* resulted in a smaller 9% increase from 63 to
70 MPa\m, where annealing altered the size and morphology of the a phase, where the overall
coarsening of the a-lamellae contributed to the 6% decrease in YS. The combination of increased
ductility and the lamellar structure after annealing often leads to some of the highest fracture
toughness in metals but at a cost to tensile strength '°°. Similar to conventional alloys, the metal
AM process history and heat-treatments have a complex influence on microstructure, making it
challenging to achieve both high strength and fracture toughness.

® Possible designations

; END of the build for AM parts based
on ISO standard

Final RD
(Raster direction)

Z, Build Direction

/ E: END X
M: MIDDLE
S: START Y

‘ 8 Different
1 START of the build | orientation/direction
[ T combinations

Figure 2-12: Schematic of CT specimens orientation designation, with respect to the build and

raster direction '*®
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Even though acceptable fracture toughness has been reported in metal AM alloys, a large
range of values in the as-built condition (45 — 110 MPaVm) and post-processed condition (61 to
119 MPavVm) hinder adoption in engineered applications. One potential source of variation in
properties is ascribed to the process-induced anisotropy *! 138156 In wrought alloys, the rolling
direction results in anisotropic fracture toughness. In contrast, the columnar prior § grains are one
of the main contributors to anisotropy in metal AM fracture toughness. Seifi et al. !> and Dzugan
et al. 1> reported the~15% difference in fracture toughness in the different orientations was
influenced by the columnar grain structure in PBF-EB Ti6Al4V. An increase in crack path
tortuosity was observed as the crack propagated through the grains, in contrast to the easier crack
path along the brittle a-grain boundary (a-GB). The crack tortuosity observed in AM alloys leads
to extrinsic toughening from the meso-structure, where a substantial increase in fracture toughness

157

was achieved by Paul et al., ">’ exceeding conventional alloys. While improving ductility can aid

in increasing fracture toughness, controlling the meso-structure for enhanced properties should

also be considered. Kumar et al. !33

evaluated the relationship between microstructure and
anisotropic fracture toughness in PBF-LB Ti6Al4V, investigating the influence of process
parameters and orientation-dependent properties. Near-isotropic fracture toughness values in both
the as-built (48 — 54 MPaVm) and stress-relieved condition (~95 MPaVm) were obtained by
changing the scan direction in PBF-LB from 90° to 67°, changing the columnar grain structure to

a more equiaxed one '3

. However, the orientation-dependent EF and fracture toughness was not
fully removed due to additional process-induced features. This orientation-dependent behavior is

critical for the design and application of AM components, as it can influence performance under

load.
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Table 2-4:Summary of Ti6Al4V PBF-EB fracture toughness values, with average PBF-LB,
wrought, and cast properties for comparison

Machin Specimen Thickn Fracture
T CNe | Condition | Post Processing | Powder p;m " | Orientation (ll;m)e s Toughness, Ko | Ref.
ype ype (MPavVm)
PBF-EB
Arcam . XY 110+ 8.9 a
A As-Built CT X 40 102272
Ann@aled, 710C for 2h, 7X 106.5+35
milled argon cooled
Arcam HIP at 920C 94
A2 HIP, @100 MPa for T 7X 25 119
milled 2hr, cooling not
reported
As-Built XY 26.9
zZX 78.1 156
Arcam* CT
HIP XY 99
7X 83.1
. recycled
Arcam | As-built ELI 3PB LT (XY) 9 68, 80 138
A2 (ELI)
powder
LS (XZ) 10 76
TL (YX) 9 67
SL (ZX) 10 65
As-Built XY 60.2+13.9
(ELI) 7X 80.4+ 14.8
A
oo 950C @ 100MPa 3PB Xy 10 6l
HIP for 3 hrs.,
furnace cooled 13
7X 67.7+9.2
As-Built XY 32
Arcam (ELD) zX 97+7.2
ADX 950C @ 100MPa 3PB XY 10 34
HIP for 3 hrs.,
furnace cooled X 92 £6.9
reused
As-Built powder, Xz 59.2+£2.0
6X
7X 68.8+1.2
3303,5C fotr CT (data
Arcam min, water from Xz 65.5+2.0
A2X Annealed | quench. §9OC_ for middle 4 15
240min, air specimen)
cooled ZX 74.7£2.7
920C at 100MPa
HIP for 2h, rapid Xz 61.1+47
quench ZX 61.6 £ 2.0
Laser (PBF-LB)
Annealed | /10Cfor2h, zX 49.5+1.5%
argon cooled
EOS HIP at 920C 94
Mz80 HIP @100 MPa for CT zX 25 93.5+0.5
2hr, cooling not
reported
EOS XY 40.3 +3.4% 152
M280 SR 670C/5h 14 CT X7 16 45.6 24.3%
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7X 38.1+1.6%
0/45 38.9+6.3%
HIP 920C/2h/100MPa 15 XY 64.9 £1.6%
CT XZ 16 67.3 £5.3%
X 59.4 £0.2%
0/45 63.6 £0.5%
EOS Stress- cT YXZ 6.5 80 +4 158
M280 Relieved ZXY 85+4
XZ 5 73.9
. X 81.8
Wire Arc AB CT X7 - 743 50
X 82.1
Hybrid
Wrought AB zX 20 65.3
+DED 5
solid solution
SR 1000C and age CT ZX 20 86.4
540
Air-
Wrought cooled 44 - 66 121
Cast Annealed 77+£12.5 121

*machine generation and thickness not provided
**Kq values reported
*#*K ¢ values reported

In addition to microstructure, it is important to consider additional micro-mechanism
influencing fracture behavior, such as residual stresses and porosity. For example, an inverse
relationship between fracture toughness and residual stresses in PBF-LB Ti6Al4V has been
observed. In addition to the decrease in fracture resistance in the presence of residual stresses, Cain
et al. ¥ also observed residual stresses contributing to orientation dependent fracture toughness.
Anisotropic fracture toughness can similarly be influenced by porosity, where Muro-Barrios et al.
8 reported a correlation in toughness to the size, location, and type of defect. The small spherical
pores located just above or below the crack path resulted in a tortuous crack path or dissipating
energy by creating smaller clusters of cracks, increasing toughness. However, the larger LOF
defects decreased crack path resistance by acting as elongated cracks in the metal and promoting
rapid crack growth. Altogether, the process-induced microstructure, residual stresses, and porosity
contribute to variation in mechanical properties, making reproducibility and repeatability difficult.
However, through comprehensive understanding and control of process parameters, enhanced
fracture toughness of metal AM alloys can be achieved. Furthermore, the orientation and location
of internal defects can further exacerbate the anisotropic properties, where LOF defects oriented
parallel to the crack path significantly reduce the resistance to crack growth. However, the

spherical gas pores located above or below the crack path may result in a more tortuous crack path
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by dissipating energy through crack deflection. Conway et al. '° implemented architectured
porosity where internal pores are intentionally designed to produce a weak interface which delayed
fracture by aiding in arresting and deflecting the crack path, resulting in a fourfold increase in
fracture toughness, depending on the material. Therefore, a complex relationship exists regarding
the process-induced defects and microstructure, which make predicting fracture toughness of metal
AM difficult.

An improvement in fracture toughness with increased density, where an increase from 95
to 99% contributed to an increase from 45 to 60 MPaVm in powder metallurgical TIGAI4V 155, The
highest fracture toughness in metals where pores were isolated and randomly scattered. For
randomly and far apart pores, there is less likelihood of pore interaction, making the crack growth
harder and increasing resistance. The increase in density in the metal is also recommended in
enhancing the tensile behavior, which would also have an expected improvement in fatigue
strength. A relationship between pore volume fraction and fracture toughness of PBF-EB Ti6A14V
was observed, where a ~30% decrease in fracture toughness resulted from an increase in pore
vol.% from 0.002% to 0.02% '3. The increase in pore vol.% was suggested to be a result of the
hatching pattern, with a large concentration of defects located along the external edge of the
samples, where a notch would exhibit the highest stresses and decrease in resistance. The study
also found the PBF-EB machine generation influenced the size of defects, where a ~25%
difference in fracture toughness was observed between the A2 and A2X systems '*-°, In addition
to the density of internal defects, pore size also plays a role in fracture toughness. Even though
toughness was found to be less sensitive to porosity than tensile properties in a study by Araujo et
al., an increase in homogenization temperature resulted in a threefold increase in internal gas pores,
reducing fracture toughness by 30% 6.

The diverse processing condition that contributes to variation in tensile properties also

influences fracture toughness !

, where intensive effort is needed to understand the process-
structure-property relationships. Seifi et al. !»1>* and Dzugan et al. !>* demonstrated an 15-30%
fracture toughness variation due to the local microstructure throughout individual samples
influenced by the cooling rate and temperature gradient. Therefore, it is not only the influence of
the columnar grains and internal defects which needs to be considered, but the effect of the metal
AM process on the overall fracture resistance. Specifically, this key finding necessitates further

investigation of specimen geometry and spatial location is essential. Additionally, variation in
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fracture toughness due to machine generation 3% and powder feedstock *!, may further result in
scatter in fracture toughness properties. Despite the extensive research on the fracture toughness
of metal AM in various orientations, there is a gap in knowledge about the process-induced
variability affecting crack growth resistance, potentially compromising its long-term reliability
and durability, especially in PBF-EB Ti6Al4V. This gap is one of the primary motivations of this
research.

A HIP post-processing treatment has been implemented in metal AM to achieve nearly-
dense metals, through application of elevated temperature and high pressure. Greitemeier et al. **
observed a twofold increase in fracture toughness of PBF-LB Ti6AL4V, from a 49.5 MPaVm in
the annealed condition to 93.5 MPaVm in the HIP condition, while only a 10% increase in PBF-
EB Ti6Al4V processed due to the existing o+ lamellar microstructure. Similarly, Zhang et al. '®!
reported comparable fracture toughness after a heat treatment and HIP process, where porosity
was found to have negligible effects on the PBF-LB Ti6Al4V while the grain size and phase
fraction had a more significant role on metal ductility and the resulting fracture toughness. Other
investigations performing standard HIP treatment (920-950°C/100MPa/2h) for PBF-EB Ti6AL4V
has resulted in defect-free components, but contradicting enhancement of fracture toughness is
reported 13- 154 156.16L162 " Qeifj et al. I3 reported the coarsening microstructure and the change in
texture compete with the reduction in defects which did not always result in higher toughness. The
coarser microstructure resulted from the increase in a-lath thickness, reducing the alloy’s strength
which would result in higher fracture toughness !°. The coarsening of the microstructure has two
effects on metal AM fracture toughness: the decrease in crack growth resistance due to the easy
fracture path and the heightening of anisotropy due to the preferential crack growth along the
columnar B grains. Alternatively, Dzugan et al. !>* attributed the reduction in fracture toughness
after HIP to the higher strength and the less resistant recrystallized microstructure. One limitation
of the current HIP treatments employed is the processing metal per the ASTM standard for
conventional alloys. Tarik et al. ' investigated the effect of two HIP treatments (730 and 950C
@ 101MPa/2h) on PBF-LB CpTi, where the fracture toughness tripled in the samples treated to
the lower temperature, while the higher temperature resulted in only a 30% increase in toughness
due to the drastic microstructure coarsening. While ASTM F2924 28 provides guidelines for post-
processing of metal AM Ti6Al4V, advancements in HIP optimization for PBF-LB Ti6Al4V has
led to development of AMS7028 2°. However, its suitability for PBF-EB Ti6Al4V remains
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uncertain, necessitating further research to confirm application for critical applications. Therefore,
investigation of HIP treatments which differ from the standard recommendation are crucial in
finding optimal process conditions for the desired engineered application. Moreso, due to the
unique microstructure formed between each different metal AM process, AM process-specific
treatments need to be studied.

Although there has been an uptake on experimental testing of AM fracture toughness,
modeling could be a cost-effective approach which can create better comparison between all these
competing factors. Experimental testing, printing, and microstructural analysis are time consuming
and expensive, where numerical modeling can be used to find structure-property relationships and
further advance our knowledge and adoption of AM Ti6Al4V. An extended finite element method
(XFEM) was used to simulate crack propagation method in compact tension models ', Prediction
of fracture toughness using machine learning '%°. Anisotropic variability in PBF-LB was explored,
providing further statistical analysis for A and B-basis qualification, with the A-basis providing a

confidence level between 95-99% and B-basis providing 90-95% confidence level for material

166 1 167

strength during aircraft design'®®. Watring et a characterize pores to predict fracture-related

properties using machine learning to build neural networks which predict fracture toughness based

on porosity. Kumar et al. 2019 68

used XFEM to predict crack growth behavior in presence of
microstructural defects. For accurate prediction of the fracture resistance and crack growth
behavior, representative data of the microstructure, internal defect, and fracture toughness is
necessary. Furthermore, the fracture toughness variation due to the intra-build design parameters
such as part design and spatial location needs to be considered for accurate model creation.
Through the mapping of the build space using a multi-factor approach, design engineers can
confidently optimize for ideal mechanical properties for production components.

In summary, fracture toughness evaluation of metal AM is a complex area of research that
encompasses various process-induced and post-processing effects. Key studies have highlighted
the importance of microstructure, process parameters, and build orientation in determining fracture

resistance. These insights are essential to advancing the reliability of AM technologies in safety-

critical applications.
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2.4.3 Fatigue Performance

Fatigue properties are one of the more meaningful properties, as it accounts for the majority
of component failure. Fatigue life is defined as the number of cycles that a component can survive
under cyclic loading. The fatigue limit is the level of stress the component can undergo which
failure will not occur, often measured by high cycle fatigue (HCF). The process-induced features
which influence tensile, and fracture properties can be particularly detrimental to fatigue

performance of metal AM alloys 26-27-169-171

. Furthermore, in metal AM, there are four types of
features which can significantly reduce the fatigue performance including surface roughness,
subsurface and internal defects, build orientation, and residual stresses. However, it is also
important to consider the loading applied as there is a shift in crack nucleation location from
surface and subsurface defects under high stresses compared to internal crack initiation at lower

applied loads 72,

2.4.3.1 Influence of Surface Roughness

The fatigue performance and variability of Ti6Al4V as a function of the metal AM process
has been heavily investigated experimentally, where the lifespan of as-fabricated titanium (~75-
300MPa) is considerably inferior compared to that of wrought alloys (~600 MPa)’. Many studies
have shown the poor fatigue behavior shown in Figure 2-13 of metal AM components is a result
surface defects behaving as crack initiation sites as a result of the inherent poor surface finish 2627
104, TI8I73-175 T e et al. 17¢ reported a 37-85% probability of defect formation on the AM surface,
where not only is there an increased likelihood of crack initiation from the surface but multiple
crack initiation sites. The numerical fatigue property is in agreement with published experiment
values, where the rough surfaces act as the source of crack initiation #1:'77, Multiple cracks initiate
from the surface, independently growing and ultimately coalescing until sample fails abruptly !"!.
The interaction between multiple cracks contributes significantly to the reduced fatigue resistance
in the AB PBF-EB and PBF-LB components.

As the surface roughness improves in Figure 2-14, an increase in the metal AM fatigue
behavior is observed in PBF and DED Ti6AlI4V 2627 18 17LIB3-175 However, the improvement in
behavior is directly correlated to the final surface finish, where a range of improvement is reported
depending on the amount of material removed and the AM process. Childerhouse et al. !”* explored

the influence of machining depth of cut of PBF-EB fatigue strength and observed that while a
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superior surface finish was obtained with only 0.5 mm material removed, the number of cycles
remained the same. In contrast, with 1 mm of material removed, the number of cycles doubled
compared to the AB metal. The shallow machining proves to be insufficient in removing surface
defects and brings subsurface spores to the surface, acting as crack initiation sites 3. The notable
increase in the fatigue behavior is a result of the shift in crack initiation shifts from surface defects

to subsurface defects.
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Figure 2-13: The Fatigue performance of PBF-EB in the as-built and post-processed

condition 26,41, 175,178,179

The tensile residual stresses formed on the free-surface of PBF and DED alloys can be
critical for fatigue crack initiation, reducing the overall performance '8, Leuders et al. '8!
observed that while subsurface pores may contribute to crack initiation, fatigue crack propagation
was significantly reduced because of residual stresses. Through process optimization 3 and post-
processing 17182183 3 reduction in residual stresses and improved microstructure is used to
enhance the metal AM fatigue behavior. While a stress relief has resulted in improved fatigue

crack growth rate, the overall fatigue performance does not always improve.
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Figure 2-14: The machining effects on PBF-EB fatigue performance?®

2.4.3.2 Influence of Defects

With the removal of the rough surface and reduction of tensile residual stresses, defects
become even more critical at higher stresses in very high cycle fatigue region, shown in Figure
2-13. The internal defects can further influence the load-carrying capacity of the metal, leading to
variation in HCF performance. As such several studies have observed a decrease in fatigue
performance with an increase in porosity 84185, However, the pore volume alone was not sufficient
in predicting the fatigue performance, as seen Figure 2-15. The density, distribution, orientation,
morphology, size, and location of the internal defects contribute to scatter in fatigue properties >
81,186,187 Vansickle et al. '8 observed fatigue cracks typically propagated towards clusters of pores
near the crack tip, leading to premature failure. Therefore, there is great interest in exploring the
role of porosity on fatigue life. The shape and morphology of defects has been one of the main
topics of study. While NDT evaluation can obtain key information regarding internal defects,
further analysis is required to understand and predict the influence of defects on fatigue. Extreme
Value Statistics have been shown to be a successful method of determining the critical defect size

in metal AM alloys '%.
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Figure 2-15: The HCF performance of PBF-EB Ti6Al4V compared to conventional
alloys?¢

Moreso, the shape of the LOF defects also plays a critical role in fatigue behavior, where
lower aspect ratio and irregularly shaped LOF defects are far more detrimental for fatigue behavior
compared to rounder equiaxed LOF defects '°°. Crack initiation due to gas porosity in PBF-LB
alloys are comparable to wrought alloys, but a significant decrease from 650MPa to 400MPa in
fatigue life is observed when LOF defects are present %!, Additionally, the sphericity of the
defect contributed to the stress concentration induced with pancake shaped defect resulting in a

192 Through implementing conical and

larger source of stress concentrations than spherical pores
cylindrical defects in the center of PBF-EB fatigue samples, Gong et al. '3 demonstrated that crack
initiation persisted from the surface discontinuities and subsurface defects, however the presence
of internal defects decreased the fatigue limit from 500 to 350 MPa. As the location of LOF defects
move closer to the sample surface, the endurance limit decreased by 250 MPa, with little influence
from location of gas pores !, Therefore, there has been a special attention in identifying the role
of critical defect size which is most likely to trigger crack nucleation. Murakami et al. 7-1%* has
extensively explored the role and effect of defect size of AM fatigue life variation and proposed
the use of the Varea parameter to predict the fatigue life of the component. Tammas-Williams et
al. > observed an increase in fatigue life where cracks initiated from gas pores compared to those

from LOF defects. The high aspect ratio and irregular shape of LOF defects results in an increase

in stress concentration, making them more critical than gas pores. With the reduction of LOF
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defects, the spherical gas porosity overshadows microstructural-initiating cracks, such that
microstructure does not have as much of an influence on the fatigue behavior as the internal
defects. While characterizing the defect size is often used in understanding the fatigue behavior,

the defect location and morphology are vital in predicting fatigue performance.

The location of internal defects within the bulk material also plays a significant role, where
a decrease fatigue life in metal AM alloys is observed as the void location moves from the surface,
subsurface, or internal. So not all porosity location can be treated similarly, where subsurface pores
are far more detrimental to fatigue behavior due to their higher stress concentration, which makes
them much more critical than internal defects ®'. While the location of gas porosity defects alloys
do not significantly influence fatigue properties, the location of LOF defects contribute to a range
of properties from 200 — 550 MPa, where an increase in fatigue behavior is observed and the
location of LOF is closer to the surface '°!. Sarkar et al. '>> observed the subsurface defects, and
micro-notches as the primary crack initiation in the laser re-melted and electro-polished samples,
resulting in fatigue properties below wrought. Similarly, early fatigue failure in PBF-EB samples
has been attributed to the presence of subsurface defects, where the distance from the surface was
more detrimental compared to the aspect ratio 9198 Ghods et al. ' observed a large
concentration of porosity roughly 0.7 mm from the PBF-EB surface, which coincided with the
contour-hatching overlap of the PBF-EB process. Fleishel et al. ' demonstrated a correlation
between the PBF-EB process parameters and fatigue life, where offset values which deviated from
typical values generated voids. Roirand et al. 2% observed similar correlation in laser scan strategy
and porosity formation, where insufficient overlap of scan strategy resulted in an increase in
number of pores and decreased the fatigue crack resistance in PBF-LB Ti6Al4V. A variation in
defect distribution formed as a result of PBF-LB build pattern, beam travel direction, location of
specimen on build platform, and proximity of samples to each other, which would further influence
scatter in fatigue limit. Choosing the optimal process parameters are essential in limiting formation
of detrimental subsurface defects, thus improving fatigue properties. Developing a foundational
understanding that links the AM process parameters to the fatigue performance assures the

qualification and certification of high-performing PBF-EB components.
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2.4.3.3 Anisotropy

Similar to tensile and fracture toughness properties, orientation-dependent AM fatigue
properties have been observed, as seen in Figure 2-16. As the angle between the loading direction
and the build orientation changes, changes in fatigue behavior have been observed ! 197291 Three
things happen as the build orientation changes: 1) there is a change in the surface finish, 2) the
orientation of LOF defects, 3) the temperature gradient forms as the heat was dissipated along the
build direction producing columnar grains. The surface roughness of samples increases
significantly depending on orientation, where Rogers et al. *' reported 35% lower fatigue
properties in samples built in angles between 0°-30° due to the partial solidification from the
support structures and the higher downward-facing roughness compared to samples built between
50°-90° from the build platform. Pegues et al. 22 observed a significant drop in fatigue behavior
with an increase in the PBF-LB sample surface area, due to the increase in surface roughness and
surface defects in the 45° oriented samples. The significantly rougher downward surface is due to
the gravitational forces during meltpool solidification and the contact with unmolten powder
particles. However, with post-machining, the influence of the rough surface finish can be

mitigated.
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Second, the orientation of LOF defects can become roughly perpendicular to the loading
direction, significantly influencing fatigue behavior by decreasing the load carrying capacity.
Chastand et al. '*° also observed that the anisotropy in the fatigue behavior was highly dependent
on subsurface LOF zones, where failure in the vertically oriented samples originated from defects
in contrast to the microstructural features in the horizontal orientation. However, with surface
machining and removal of subsurface LOF defects, fatigue anisotropy of PBF-EB Ti6Al4V can
be reduced 2¢. Shrestha et al. 23 observed that while vertical samples had lower fatigue life than
horizontal samples, the diagonally built samples had a significantly lower fatigue life. The reason
for this was the LOF orientation of defects aligned with the plane of maximum shear stress,
resulting in the lower fatigue properties. Lastly, the columnar grain can dictate crack propagation
path, where there is an increase in crack growth rate as crack travels along the columnar grains.
Lueders et al. 2°* demonstrated that there is an increase in the stress intensity factor when the crack

propagates along the grain boundary, and therefore crack growth is faster when oriented parallel
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to the columnar grains. Therefore, there are multiple material features which contribute to the

orientation-dependent properties, each with a different effect.

The anisotropic microstructure alone does not fully account for the orientation-dependent
fatigue properties where the surface and internal defects ultimately determine the fatigue behavior.
One reason for this is the crack initiation is driven by the internal defects such as surface, LOF or
porosity. And in high cycle fatigue, crack initiation is often the longest portion of the failure, where
LOF defects significantly contribute to early-stage fatigue crack initiation and scatter with limited
influence on the crack growth rate '3!. However, LOF defects can contribute to scatter in properties
due to multiple crack initiation sites and minor acceleration of the crack growth rate near present
defects #8205 In contrast, the fatigue crack growth rate is lower for crack initiating from internal
defects compared to LOF defects . So while internal defects are detrimental to fatigue behavior,
their location is what influences the fatigue crack growth rate. Given this, it’s the microstructure
which ultimately dictates the crack growth rate and the columnar grain structure acting as a
preferential path '8%-2%4, However, microstructural anisotropy has less influence on crack initiation

in the presence of defects, inspiring a larger focus on creating fully dense metals.

In the absence of defect, the microstructure can play a significant role in fatigue crack

growth. Vansickle et al. 1%

observed a preferential fatigue crack path along the fine martensitic o'
grains, which deflected when reaching a prior § grain boundary. The study indicated the significant
influence of the microstructure on the plastic zone size surrounding the crack tip because of the
high strain regions due to the fine o' laths. The faster cooling rate in PBF-LB develops a very fine
microstructure, which shows higher yield and fatigue strength. The finer microstructure increases
the number of grain boundaries, thus increasing resistance to crack growth. In contrast, the coarse
a-laths in the PBF-EB which are preferred for higher fracture toughness yield a low strength
material and endurance limit. In addition to the grain size, the structure can play an extrinsic role
in mechanical properties. Razavi et al. 2*® demonstrated enhanced fatigue behavior and notch
sensitivity due to the fine basketweave and columnar grains in DED compared to forged Ti6Al4V
samples. The basketweave structure often causes a zigzag crack path deflection, specifically

observed in the small crack region 2%7. As such, careful attention needs to be paid when designing

materials with high strength and damage tolerance.
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2.4.3.4 Influence of Part Design

While similar columnar grains exist in metal AM components, the difference in cooling
rate and process temperature leads to difference in fatigue limit between the different process.
Samples built at double the interlayer speed (time between a previous layer is subsequently melted)
exhibited a coarser microstructure due to the increase in heat accumulation and thus a slower
cooling rate which increased the LOF formation and overall led to a decrease in fatigue resistance
208 Additionally, the heat dissipating with different cooling rates as a function of sample design
can further influence the final microstructure; the variation in microstructure would then lead to
variation in tensile and effect the fatigue properties. As a result, choices in component design such
as geometry, size, and part spacing are an important consideration in fabricating repeatable

components. Shrestha et al. 2%

reported higher fatigue resistance in PBF-LB SS17-4 samples
machined from a square rod (12x12mm) due to the increase in heat accumulation compared to
those machined from near-net specimen (AB gage diameter 8mm). Furthermore, Zhao et al. '8
compared the mechanical properties of between PBF-EB and PBF-LB samples and observed part
size had a significant influence on microstructure in both PBF-EB and PBF-LB samples, with a
near doubling in a-lath thickness with increase in sample thickness from 1.2 mm to 7 mm. Even
though the specimen size influenced the metal AM microstructure, size-dependent fatigue
properties were only observed in the PBF-EB samples due to the large scatter of internal defects
in the PBF-LB samples. In addition to microstructure, the surface condition is influenced by
change in geometry, resulting in fatigue variation. Razavi et al. 2! observed a 20MPa decrease in
PBF-EB Ti6Al4V fatigue strength with decreasing thickness from 5- to I-mm due to the increase

in surface roughness with decrease in thickness. Le et al. '°!

attributed the similar fatigue properties
of two different thicknesses due to the probabilistic nature of defect location as volume changes,
where the defect location overshadowed any differences in microstructure. Despite the significant
influence of specimen design on fatigue properties, further experimentation is necessary to fully
understand the role of specimen design on the variation of the process-induced features and the

proceeding properties.

2.4.3.5 Influence of Build Design

In addition to variation with changes to the sample design, the build design has also been
a source of scatter in fatigue performance. Soltani-Tehrani et al. 2!' observed SS17-4 PBF-LB

fatigue samples manufactured with unused powder exhibited considerable location-dependent
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fatigue behavior, with superior performance in samples built towards the front of the build space
compared to those printed along the back. They also found the highest fatigue life resulted from
samples built closer to the powder bin, with more uniform powder packing as the recoater moved

away the larger powder particles along the build platform. Tiferet et al. 2*

similarly observed
location dependent fatigue properties, however a large scatter in the fatigue behavior due to
internal defects and limited samples necessitate further evaluation of the intra-build (variation
inside the build space) effects on fatigue. While extensive work has been done to evaluate the
influence of geometry, Ghods et al. '® has holistically investigated the role of location on HCF,
finding an increase in LOF defect formation with decrease in sample thickness, and as samples
were printed towards the edges of the build space, resulting in 37% decrease in fatigue performance
of PBF-EB Ti6Al4V. These sources of variability highlight the importance of understanding
spatial effects and developing standardized approaches to understand AM part quality. However,
as the study was only limited to the vertical orientation, the change in crack growth behavior with

build orientation requires evaluation in the horizontal orientation. As such, a holistic assessment

of the influence and interaction of the build and specimen design is what is motivating this study.

2.4.3.6 Post-Processing

Despite the significant efforts to optimize process-parameters to fabricate fully-dense
components, post-processing is often implemented in achieved functional parts, summarized in
Figure 2-17. Heat treatments and HIP are two of the post-treatment executed. Shui et al. 2!2
performed both a HT and HIP at 920°C, and observed the fatigue life in the HT condition was
comparable to as-fabricated due to the remaining small defects. Furthermore, in PBF-LB samples,
annealing increased the pore size due to entrapped gas and powder particles, while expansion was
not observed in the HIP samples 2!3. Even more important, annealing resulted in directional
expansion, with internal defects oriented perpendicular to the loading direction grew larger
resulting in a larger stress concentration than in the as-fabricated condition. In contrast, HIP has
four distinct benefits in fatigue performance. First, while not all pores close, the defect size is
reduced, therefore reduced the number of defects above the critical threshold needed to initiate a
crack. Second, HIP can refine the local microstructure surrounding defects, which limits cracks
initiation 24, Third, HIP changes the defect shape, where studies report fatigue life is AM after

HIP is controlled by crack initiation from microstructure as opposed to build defects. Kaletsch et

al. '8 found a larger number of irregularly shaped defects which are more critical in fatigue
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performance compared to more uniform shape after the HIP. Additionally, HIP application
increased ductility and fatigue resistance, in addition to mitigating the location-dependent fatigue
behavior ?*. Fourth, HIP acts as a stress relief application, decomposing any of the brittle o’
microstructure and internal residual stresses. However, HIP alone has not resulted in enhanced
fatigue performance. Sub B-transus temperature treatment promotes coarsening of the a-phase and
B-phase vol.% growth 215216, However, as the temperature increases closer to the B-transus
temperature, the columnar 3 grains increase in size combined with significant increase in the o-
grain boundary, significantly degrading fatigue performance '*°. Galarraga et al.!'” observed that
while HIP is useful in densification of the metal, the increase in columnar grain width, a-lath
thickness, B-vol.%, decrease in dislocation density aid in contributing to the overall increase n

ductility, which is preferred for improving fatigue resistance.

Surface Treatment Effect on EBM Fatigue Performance
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Figure 2-17: Comparison of surface treatment methods on PBF-EB fatigue performance
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One of the largest limitations of the HIP treatment utilized is the application of the standard
process meant for wrought Ti6Al4V. While the current HIP results in a denser metal, the
coarsening in microstructure is detrimental to crack growth rate and overall fatigue life. Verma et
al. 1%% found the microstructure evolution of metal AM components after HIP influence mechanical
properties differently than conventionally manufactured parts, such that modification of the
standard HIP process is imperative for advancing the state-of-the-art in post-processing PBF-EB
Ti6Al4V. In contrast to the standard HIP, to obtain a finer microstructure, a lower temperature and
higher-pressure HIP (LTHIP) has been recommended 2!°. Moran et al. '3* performed an extensive
study evaluating the application of standard, low temperature, and high-pressure HIP on fatigue
performance of Ti6Al4V. They observed that not only does the LTHIP treatment significantly
outperform the other two temperatures, but even with a larger defect density, the refined
microstructure was crucial in the fatigue crack resistance. Furthermore, this study was essential in
highlighting the final post-HIP metal is dependent on the metals initial condition. LTHIP has
proved to be far superior and recommended for fatigue critical applications of metal AM
components.

While HIP has been successful in reducing the influence of subsurface defects on fatigue,
it alone is not sufficient in obtaining enhanced fatigue performance. Through application of a HIP
and machining process, PBF-EB fatigue strengths of up to 500 MPa have been achieved 2% %% 118
179.220 With HIP and machining, the PBF-EB Ti6Al4V outperformed the samples in machined
state at the higher number of cycles, where crack initiation is driven by internal defects 22°, Sun et
al. 17> demonstrated optimal PBF-EB Ti6Al4V fatigue limit through a combination of HIP and
precision machining. However, machining is very limiting due to the complex designs of metal
AM components. Chemical polishing successfully improved the surface finish of PBF-EB alloys,
however an improvement in fatigue strength was not obtained 2’. A cavitation, laser, and shot peen
process was performed on PBF-EB and PBF-LB Ti6Al4V only resulted in fatigue increase of up
to 300 — 350 MPa 22!, With an application of a grinding or machining process prior to peening,
fatigue strength of 450 MPa were achieved 2?'?2, While toolless surface treatments are an
attractive option for metal AM structures for not only improving the surface finish but the induced
compressive residual stresses are not sufficient in improving the fatigue behavior. Additionally,
contamination from the peening media can occur where the media stuck in the unmelted regions

of metal AM structures act as subsurface inclusions and potential crack initiation sites 22°. Through
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performing a polishing process prior to laser shock peening, fatigue strength of up to 700 MPa was
achieved, where the combination of compressive residual stresses and alpha phase grain

refinements reduced surface sensitivity and increased the fatigue crack resistance 44,

Fatigue models incorporating both the surface finish and the critical defect size have been

better able to predict the fatigue behavior of metal AM alloys. Derrick et al. 224

utilized component
hardness, defect size, build orientation, and surface characteristics to analyze and develop
approximation equations for metal with hardness HV<500. While the model was able to predict
fatigue strength at lower life, which is limited by the Murakami model 7, the dataset was separated

1. 225 modeled the fatigue strength using including surface

based on surface condition. Mian et a
and internal defects characteristics and found surface was more crucial, determining the fatigue
strength (surface:150MPa and internal:350MPa) compared to internal defects. Similarly, Sanaei et
al. 1% incorporated the average surface roughness parameter (R,) to account for the variation in
fatigue behavior of PBF-LB titanium. Due to the significant influence of the surface finish on
fatigue performance, the surface roughness characteristics are necessary for an accurate fatigue

226 investigated the effect of the as-fabricated and semi-polished PBF-LB samples

model. Lee et al.
on surface roughness and observed subsurface defects hidden under the partially melted powder
particles were not detected using optical measurements. Not only did these subsurface defects act
as crack initiation site in the semi-polished samples, but the average roughness parameters did not
accurately represent the actual surface quality. Rather, the depth of the deepest valley (Ry) was

1.°1 observed

more accurate in predicting the fatigue behavior of as-fabricated samples. Rogers et a
that different surface roughness parameters are suited when correlating surface roughness and
fatigue life, where in upward surface Ry is suitable, while in downward its depth of highest peak
(Rp). Therefore, an accurate fatigue model encompassing the complete variation due to the
complex manufacturing process and unique build choices is complex.

For the adoption of AM components, material reliability and structural integrity are
essential to ascertain their performance in realistic loading scenarios. While the tensile property
research has been necessary for creating a foundational understanding of how PBF-EB Ti6Al4V,
fracture-critical behavior is necessary for understanding the structural integrity. In general, the
fracture resistance and fatigue behavior of metal alloys is dependent on the surface finish,

microstructure, and internal defects, where the wide range of variability due to the build space

poses a risk in applications where material performance must be predictable and reliable. Hence,
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the motivation leading to this research study. This research is needed to address the variability and
reliability concerns associated with metal AM, specifically in terms of fracture toughness and high
cycle fatigue in PBF-EB Ti6Al4V. By improving understanding of the foundational aspects of the
AM process, microstructure, and post-processing impacts the structural integrity and durability,
this research will provide insight needed to advance AM into a viable option for high-performance,

safety-critical applications.

Summary

Metal additive manufacturing has revolutionized modern manufacturing by enabling
fabrication of complex and lightweight components, with reduced material usage. These benefits
have inspired utilization of AM in industries such as aerospace. PBF processes are at the forefront
of AM manufacturing, especially PBF-EB for its ability to fabricate highly reactive metals such as
Ti6Al4V in a vacuum environment at elevated build temperatures. However, adoption of PBF-EB
components in load-bearing application hinges on addressing critical challenges related to damage
tolerance and reliability, especially in high-performance application where structural integrity is
vital. However, various factors such as process parameters, build orientation, sample geometry,
and post-processing significantly affect the microstructure, and consequently the mechanical
properties of AM parts. Furthermore, the unique hatching and layerwise manufacturing process
introduces unique challenges, making damage tolerance essential in design of metal AM parts for
structural applications.

Damage tolerance, which include mechanical properties such as fracture toughness and
fatigue strength, is essential for ensuring quality and longevity of AM components. The layer-by-
layer manufacturing process of AM introduces inherent complexities, including columnar grains,
poor surface finish, residual stresses, and process-induced defects. These issues significantly
influence mechanical properties and lead to part-to-part variability. Design parameters such as
sample geometry and build design play a critical role in the reproducibility of metal AM
components. For instance, thickness-dependent variation in tensile and fatigue properties due to
the underlying microstructural variation have been observed, where a reduction in gauge size
corresponded to reduction in fatigue performance. Furthermore, the spatial location of a
component within the build chamber significantly affects its thermal history and cooling rates,

introducing variability in microstructure, residual stresses, and defect distribution. These findings
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underscore the complex relationship between the build design parameters and the resulting
mechanical properties of PBF-EB, highlighting the need for a comprehensive understanding of
these interactions to ensure repeatable and reliable mechanical properties.

To establish repeatable components used in critical applications, it is necessary to establish
rigorous process control. Furthermore, robust defect detection methods and post-processing
treatments need to be investigated to examine and mitigate flaws. In all, certification of AM
components demands a thorough understanding of the process-structure-property relationships to
develop and predict reliable performance models which meet industry standards.

Ensuring repeatability and reliability also requires robust quality assurance frameworks
through incorporating standardized testing protocols to evaluate mechanical properties, focusing
on damage tolerance. This allows for certifications where detailed documentation and validation
of the manufacturing process to the final components, highlight the need for systematic research
into how the overall process influences property variability. However, one of the limitations
barring from adoption is the limited availability of material, process, and testing standards specific
to metal AM products. Therefore, not only is comprehensive resting required for evaluating the
metal AM performance, but systematic evaluations that guarantees identifying and understanding
the variations due to the build space parameters. Through consistent evaluation of mechanical
properties, repeatable and reliable AM parts can be manufactured. It also provides key information
needed to create regulatory requirements and standards that ensure quality components.

This research focuses on fabricating Ti6Al4V using PBF-EB, to deepen the understanding
of the relationship between build design parameters, microstructure, and damage tolerant
properties. By systematically investigating fracture toughness and high cycles fatigue, this study
aims to address the key gaps in knowledge regarding process-induced variability. The findings
will provide key insight into producing reliable, components with consistent quality, enabling

broader industrial adoption of metal AM for safety-critical applications.
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3 Research Goals and Objectives

The motivation for this study stems from several critical limitations and opportunities in the
field of metal additive manufacturing. The adoption of metal AM for damage tolerant applications
is limited by the inconsistencies in the mechanical properties across builds, largely due to process
induced variability. Understanding these variations is essential to unlocking the full potential of
AM in demanding industries such as aerospace. While the metal AM literature has extensively
studied processes such as PBF-LB, comparatively less research focuses on PBF-EB.

This study provides an opportunity to advance the understanding of PBF-EB-specific
phenomena and their effect on the fracture-critical properties. Titanium alloy Ti6Al4V is widely
used in PBF-EB due to its exceptional strength-to-weight ratio. However, the fracture-critical
properties, particularly fracture toughness and fatigue behavior of Ti6Al4V, is susceptible to the
microstructural characteristics and defects introduced during the AM process. Recent studies have
discovered Ti6Al4V tensile property variation resulting from the build design parameters;
however, the influence of intra-build design parameters on the fatigue and fracture of PBF-EB
Ti6Al4V has not been widely reported. To do so, an investigation of the part-to-part variability
within the PBF-EB build chamber is necessary. Utilizing the entire build space reflects production
at-scale, often performed to produce higher quantity of components with reduced manufacturing
time and part cost. Assessing the fracture-critical property variation within the build space is the
key to enabling the adoption of PBF-EB Ti6Al4V components. To do so, a comprehensive and
holistic approach to evaluating the process-structure-property relationships need to be considered.
However, there is limited information on the influence of build design factors on the fracture-
critical properties.

This research aims to bridge the gap between the PBF-EB process and the Ti6Al4V
fracture-critical properties, focusing on quantifying the variability. Research into the sources of
mechanical variability is essential to fabricating reliable and repeatable engineered components.
Focusing on the intra-build design parameters is a novel approach for several reasons. First, there's
a lack of standards-driven build design requirements. Secondly, the variation throughout the build
space can be accurately used for prediction and numerical modeling. Thirdly, by identifying the
root cause of variability in PBF-EB Ti6Al4V, this research can provide the knowledge needed to

meet stringent demands and increase confidence in AM technologies. Furthermore, while post-
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processing methods such as HIP and heat treatment are commonly implemented to improve
properties, PBF-EB-specific post-processing is vital for enhanced performance. An investigation
of optimizing post-processing for property enhancement and reduction in variability is evaluated.

Based on this motivation, the following research objectives can be established. A
qualitative and quantitative analysis of the PBF-EB Ti6Al4V metal quality, focusing on the
fracture toughness and fatigue performance. A systematic and in-depth investigation of the
common design factors (e.g., sample orientation, geometry, and spatial location) influencing
property variability. As a result, the relationship between mechanical behavior and process-
induced features will be obtained by characterizing the surface roughness, microstructure and
defects. Additionally, defect mitigation, microstructural evolution, and mechanical properties are
assessed and optimized for enhanced fracture toughness and fatigue performance through post-

processing application.

To achieve the following goals of this research, these three objectives will be pursued:
» Aim 1: To investigate the influence of build design parameters (e.g., geometry, orientation,
spatial position) on the microstructure, defects, and fracture toughness behavior of PBF-
EB Ti6Al4V
» Aim 2: To explore the effect of a modified HIP treatment on internal defects,
microstructure, and fracture toughness properties.

» Aim 3: To assess the effect of post processing on the high cycle fatigue performance.
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4 Experimental Methods and Procedures

The goal of this work is to evaluate the quality and durability of PBF-EB Ti6Al4V,
focusing on the fracture toughness and high cycle fatigue properties. To obtain an overall
understanding of the mechanical properties, samples in the as-built, surface treated, and heat-
treated condition are explored. The following section provides in-depth information regarding the

parameters of interest, testing methodology, and the post-processing treatment evaluated.

4.1 Feedstock

The specimen produced in the following study were printed using recycled Grade 5 Titanium alloy
(Ti6Al4V) acquired from the GE subsidiary Advanced Powders & Coatings. A typical SEM
micrograph and particle size distribution of the unused titanium powder, corresponding to Batch
P1143, is shown in Figure 4-1. The powder size distribution was 45 — 106 um, flow rate per ASTM
B213 is 26s/50g, and apparent and tap density per ASTM B212 and B527 were 2.49g/cc and
2.8g/cc, respectively in the unused powder. The flow rate, tap and apparent density were all within
the permissible limits. The chemical composition of the unused powder is provided by the

manufacturer, found in Table 4-1.

——100 pm

Figure 4-1: SEM micrograph of Ti6Al4V unused powder obtained from AP&C.

64



Table 4-1: Unused Titanium Grade 5 (Ti6Al4V) powder composition as provided by the

manufacturer.
Element Required Measured Testing method
ASTM F2924 UAC065-170510

Carbon (C) <0.08 <0.08 0.02 ASTM E1941
Oxygen (O) <0.20 0.11-0.20 0.14 ASTM E1409
Nitrogen (N) <0.05 <0.05 0.02 ASTM E1409
Hydrogen (H) <0.015 <0.015 0.002 ASTM E1447
Iron (Fe) <0.30 <0.30 0.20 ASTM E2371
Aluminum (Al) 5.50-6.75 6-6.75 6.37 ASTM E2371
Vanadium (V) 3.50-4.50 3.50-4.50 4.01 ASTM E2371
Yttrium (Y) <0.005 <0.005 <0.001 ASTM E2371
Others <0.40 <0.40 <0.40 ASTM E2371
Titanium (Ti) Balance Balance Balance ASTM E2371

Table 4-2 provides the powder lot number and reuse cycles of the powder used to fabricate
the samples. One set of samples was produced using Batch P1303, fabricated alongside the powder
reuse DOE investigation of 1°. The original build started with 100kg of unused powder, where the
remaining powder from each subsequent build was recycled through the Powder Recover System,
sieved, and mixed with powder left in the hoppers for the subsequent build. The powder utilized
had undergone seven reuse cycles by Ghods et al.'?’ prior to builds 8&9 highlighted in Table 4-2.
The chemical composition of the Ti6Al4V powder in the unused and 10% build cycle condition
from the study is provided in Table 4-3 as reference '%?27. Another 100kg of powder (Lot P1143)
was obtained to fabricate samples to evaluate the intra-build effect on the fracture-critical
properties. The powder was recycled similar to the reuse DOE, where no additional powder was
added to the builds. The second batch of powder had undergone four reuse cycles by Ghods et al.
127,169 prior to the five builds performed for this study. While there is a positive linear relationship
between oxygen wt.% content and powder reuse, the PBF-EB Ti6Al4V powder remains complaint
for up to 11 reuse cycles '°, such that the builds manufactured in this investigation remained below
this limit.

Table 4-2: The reuse cycle and powder lot used to manufacture the specimens

Powder Lot Reuse Cycle
Batch P1303 7-9
Batch P1143 5,6,8—-10
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Table 4-3: General powder chemistry for PBF-EB Ti6Al4V powder with reuse '

Build O(wt%) N(wt%)  H(wt%) Al (Wt.%) V (wt%)  Fe (wt.%)
1 (unused) 0.142 0.024 0.0014 5.41 3.43 0.21
10 0.189 0.026 0.0010 5.50 3.26 0.25

4.2 Sample Fabrication

The specimens in this study were manufactured using GE Additive (ARCAM) A2X
Electron Beam System (Mdlndal, Sweden). ARCAM PBF-EB Version 5.0.64 control software and
layer thickness of 50 pum were utilized for this study. Manufacturer recommended build
parameters in Table 4-4 were used, including standard preheating and melting strategies. Once the
build was complete, the machine requires a cooldown period until it reaches a safe temperature for
the build to be removed.

Table 4-4: Build parameters as defined in melt theme

Build Temperature 650-680°C
Beam Speed 4530 mm/s
Beam Current 15 mA
Max Current 20 mA
Focus Offset 25 mA
Speed Function 45

Snake True

Line Order 1
Randomized Hatch False

Line Offset 0.2 mm
Hatch Depth 0.05 mm
Speed Factor 1.5 mm
Exponent Factor 0.51/mm

Upon reaching room temperature, the sintered block is removed and placed into the Powder
Recovery System to remove the printed part from the unmelted powder particles, in addition to
separating any metallic impurities. The powder in the hoppers was removed using a dedicated
vacuum and combined with the unsintered powder particles obtained from the sintered block

separated using the PRS. The unmelted powder particles are then placed into a vibratory sieve to
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separate any lumps of powder and impurities above 125 pym. The combined powder volume was
mixed manually by hand for 15 minutes and sieved through a 120 um mesh size to ensure thorough
mixing and to remove large particles. If a subsequent build is to be performed, the powder is placed
back into the hoppers. If not, the powder is then stored safely to reduce contamination and oxygen

pickup for future builds. The powder history is recorded and maintained to insure traceability.

4.3 Design of Experiments

Fabrication of PBF-EB components requires multiple process steps (e.g., component
design, powder and support removal, post-processing, etc.) until the final product is achieved. Each
of these steps may affect the quality of the final product, inspiring extensive research into each of
these manufacturing steps. However, examining of each of these steps is time and cost-extensive.
As a result, many studies focus on how optimizing process parameters, or a post-processing
application can enhance the PBF-EB mechanical properties. But, to fully understand the influence
of the PBF-EB process on the fracture-critical properties, holistically evaluating the build design
parameters need to be explored. Of all the factors, this study explores the common engineering
design considerations such as sample orientation, geometry, and location within the build space.
These terms, referred to as the intra-build design parameters (parameters within the build
chamber), were selected and their effect on manufactured components examined. The following
section initially defines these intra-build design parameters, and the overall approach adopted. The
section then further provides details into the experimental design utilized to fabricate the samples
necessary to evaluate the fracture-critical properties.

The common design choices made when fabricating PBF-EB include the sample design,
where samples are located within the build space, and the orientation at which the component are
manufactured within the build space. These three parameters were identified as the three most
critical design choices made by engineers to manufacturing PBF-EB parts. The part design
parameter investigated in this study captures any variation due to sample geometry through
evaluating the influence of thickness on mechanical properties. The thickness of each specimen
corresponds to the thinnest area of the specimen. Radial distance and height are the two spatial
location factors representing the placement in the build chamber, shown in Figure 4-2. The radial
distance is measured from the center of the build plate to the center axis of the sample and the

height is from the build plate to the center of the sample. Radial distance was chosen as the spatial
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parameter to reflect the tracking of the electron beam during the printing process. Lastly, the
sample orientation with respect to the build direction is explored, as seen in Figure 4-3. These
factors permit evaluation of the build space reflecting choices made by design engineers. The
following sections provides further details regarding the specific design of experiment adopted to

evaluate the fracture-critical properties.
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Figure 4-2: The nomenclature adopted to evaluate the PBF-EB build space denoting the two
spatial parameters: radial distance and height.

To systematically investigate the effects of the selected design parameters, a Design of
Experiments (DOE) approach was adopted. A DOE allows for a structured way to plan, conduct,
and analyze the experiments efficiently, in addition to identifying the variation within the data.
Utilizing a DOE also allowed adoption of a consistent design between the builds to control the
variables of interest, provide a method to statistically analyze the results, reduced testing time, and
enable prediction and optimization of mechanical properties. To do so, a multi-factor DOE
approach was utilized in this study. When possible, a full factorial build design was adopted, with

3-levels for each factor, to investigate every combination of factors using ANOVA or regression
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statistics. The following section provides further detail regarding the DOE adopted to evaluate the

fracture-critical properties.

4.3.1 Tensile Properties

Several studies have been conducted on the effect of build design parameters on the tensile
properties, focusing on either individual parameters®>?321° or on influence and interaction of
multiple design parameters '?7. These studies were crucial in paving the way to understanding the
mechanical behavior of PBF-EB Ti6Al4V. Since the studies focused on the tensile properties, the
main focus of this study was on the fracture toughness and high cycle fatigue variation, to further
push forward the knowledge of PBF-EB damage tolerance. However, tensile specimens were
fabricated alongside the fracture toughness and HCF samples, to validate the properties and to
place this work within the broader research.

The tensile samples were fabricated in both the horizontal and vertical orientations, shown
in Figure 4-3. Due to the variation reported by Ghods et al.!?’, samples were placed in the center
and in the outer regions of the build space, to obtain an approximate range of possible tensile

properties.
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Figure 4-3: The orientation designation for tensile samples

4.3.2 Fracture Toughness

The build layout was designed using a multi-factorial approach and the final data evaluated
using Response Surface Methodology (RSM) from the Design Expert software (“Stat-Ease,”
Minneapolis, MN, USA). The design of experiment (DOE) enables a systematic method for
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evaluating the variation in the dataset and property mapping of the build space. The factorial design
evaluated the influence and interaction of the design parameters (crack orientation, geometry,
spatial location, and post-processing) on fracture toughness. Fracture toughness samples were
designed to meet the dimensional requirements to obtain valid plane-strain Kic values per ASTM
E399, shown in Figure 4-4 228, Each sample has two-letter designations with respect to the build
direction (Z) and recoater direction (X) shown in Figure 4-4a. In the fracture toughness samples,
the first letter designates the direction normal to the crack plane and the second designates the
direction of crack propagation per the coordinate system shown in Figure 4-2. The latter two
letters denote the direction of crack plane. While the influence of the crack plane is on interest due
to the complex AM microstructure and crack growth relationship, the first two letters are used in

this document, aligned with the requirements of ASTM E399.
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Figure 4-4: (a) Fracture toughness orientation designation, shown with respect to the build direction

and recoater path. (b) ASTM E399 CT fracture toughness specimen size, units in mm.

The discrete levels of interest for the orientations designated by Figure 4-4 for the discrete
design parameters provided in Table 4-5. The data was analyzed using a factorial three-way
Analysis of Variance (ANOVA) to determine the effect of independent variables (intra-build
design parameters) on the response (fracture toughness), along with the interactions between
parameters. The impact of multiple independent factors can be evaluated using a factorial ANOVA
and the statistical significance between the means of each of the levels deemed significant with a
p-value < 0.05. The build layouts are provided in Figure 4-5 and Figure 4-6, and the build space
parameters and respective levels are in Table 4-5. In this work, T designates the thickness, R

designates the radial distance, and H designates the height.
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Table 4-5: Overview of Fracture Toughness specimen size and location

Orientation X X7 XY
Parameter Levels

Thickness (T, mm) 6,9 6,9,12 6,9,12
Radial Distance (R, mm) 35, 65,95 35, 65,95 35, 65,95
Height (H, mm) 56, 156, 256 56, 156, 256 56, 156, 256

Table 4-6: Sample DOE table to evaluate Fracture Toughness. Each row represents the parameter

set utilized for a given sample. Refer to Appendix for each respective DOE table used.

Run  Thickness Radial Distance Height  Orientation

1 12 35 256 zX
2 6 95 56 zX
3 6 65 56 zX
4 6 35 256 XZ
5 6 35 256 Xz
6 6 65 56 XZ
7 9 35 256 XY
8 12 95 56 XZ
9 6 95 156 Xz
10 9 35 56 zX
11 6 35 56 XY
12 6 95 256 XY
13 12 65 56 XY
14 9 35 256 XY
15 6 35 56 zX
16 12 95 56 XZ
17 9 35 56 XZ
18 12 95 156 zX
19 6 65 156 XY
20 12 95 256 XY
21 35 56 XY
22 95 256 zX
23 35 156 zX
24 95 56 XY
25 12 35 156 XZ
26 9 65 256 XZ

Fracture toughness samples were designed to meet the dimensional requirements to obtain
valid plane-strain Ky values per ASTM E399, shown in Figure 4-4 228, Each sample has two-letter

designations with respect to the build direction (Z) and recoater direction (X) shown in Figure
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4-4a. In the fracture toughness samples, the first letter designates the direction normal to the crack
plane and the second designates the direction of crack propagation per the coordinate system

shown in Figure 4-2.
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Figure 4-5: Fracture toughness build layout for ZX-oriented samples. Shown are the front, top and
isometric views, respectively. Radial distance (R), height (H), and thickness (T) are three factors

evaluated in this study and are defined as illustrated.
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Figure 4-6: Fracture toughness build layout for XZ- and XY -oriented samples. Shown are the front, top
and isometric views, respectively. Radial distance (R), height (H), and thickness (T) are three factors

evaluated in this study and are defined as illustrated.
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Four builds were performed using the same build design parameters to obtain enough
samples to evaluate the influence of the intra-build design parameters, post-processing, and the
crack orientation. The sequence of builds, post-processing performed, and the total number of
samples is provided in Table 4-7. The initial build evaluated the as-fabricated condition in the ZX
orientation. The subsequent build evaluated influence of surface finish on the fracture toughness
in the ZX orientation, where the free surface was machined. The third build was composed of
samples in all three orientations (ZX, XY and XZ). All samples underwent a machining process.
The XZ and XY samples were tested in the machined condition to investigate the influence of
crack orientation. The ZX samples underwent an additional LTHIP treatment. Lastly, a final build
partial build was performed to evaluate the LTHIP treatment effect on the XZ and XY oriented
samples.

Table 4-7: Summary of the number of samples manufactured in each condition

Build Sequence Orientation Metal Condition Number of Samples
1 X As-Fabricated 54
2 X Machined 27
ZX LTHIP + Machined 36
3 XY, XZ Machined 54
4 XY, XZ LTHIP + Machined 36

4.3.3 High Cycle Fatigue

Initially, the effect of post-processing on the PBF-EB Ti6AlV fatigue behavior is explored.
The two orientations explored in the HCF study are the vertical and horizontal orientation, shown
in Figure 4-7. In the second phase of the fatigue study, the effect of intra-build parameters on

untreated and post-processed fatigue PBF-EB Ti6Al4V samples is evaluated.
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= = Build Direction

N

HOrizOntal Xy

Figure 4-7: The orientation designation for fatigue samples
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4.3.3.1 Phase I:

Four post-processing treatments are explored in the following study: machining, standard
HIP (STHIP), low temperature HIP (LTHIP), and shot peening (SP). The samples were
manufactured in five sets and followed the processing order highlighted in Figure 4-8. Additional

information regarding the post-processing parameters adopted can be found in Post-Processing
Phase I:
Post-process

T
Set 1 Set2 ' Set3 Setd

STHIPe )
Vertical Machined Machined
(6mm)

Vertical

(6mm) LTHIPb LTHIP
Vertical Horizontal Shot Peen*
(6,9mm) (6,9mm)

Vertical
(9mm)

Section.

Set5

Machined

]
]

Shot Peen

Horizontal
(9mm)

niajna

AT

a- 920°C/100 MPa for 120 min
b- 815°C/190 MPa for 165 min
c- CW35 shot peen media/.006-.01 A intensity
Figure 4-8: The sequence of post-processing for each set of samples investigated in Phase .

The third through fifth set of samples were manufactured concurrently with DOE of Phase
II. The build layout and sample dimensions are provided in the following section. The second set
of samples underwent machining and a subsequent low-temperature HIP (LTHIP) treatment. The
third set of samples included a total of 82 of samples in the horizontal and vertical orientation with
the gage diameter of 6mm and 9mm. The fourth set of samples underwent the processing in the

following order: machining, LTHIP and shot peen. The samples were fabricated in of the vertical



orientation with a 9mm gauge diameter. A final set of samples fabricated in horizontal (H)
orientation with a 9mm gage diameter underwent machining and a post-shot peen process.
summarizes the treatment, orientation, powder reuse cycle, and the number of samples
evaluated in the following study. A total of four builds were performed to obtain the samples
investigated in this study. The powder used ranged from build 7 to 10 reuse cycles. An initial
subset (qty 8) of reference samples were tested in the untreated and unmachined state, obtained
from the first build. The second and third builds contained twenty (20) samples were fabricated in
two builds (for a total 40) with the build layout and dimensions shown in Figure 4-9 in the vertical
(V) orientation. These second set of specimens underwent a standard hot isostatic pressing
(STHIP) treatment to explore the influence of post-processing on PBF-EB Ti6Al4V fatigue
behavior. The specimens underwent an STHIP treatment solely, with no addition surface or post-
processing treatments. The gage diameter of the cylindrical specimens’ post treated was measured

to be between 6.0 to 6.8 mm.

AV

Figure 4-9: The build layout of the as-fabricated HCF samples and final dimensions

The third through fifth set of samples were manufactured concurrently with DOE of Phase
II. The build layout and sample dimensions are provided in the following section. The second set
of samples underwent machining and a subsequent low-temperature HIP (LTHIP) treatment. The
third set of samples included a total of 82 of samples in the horizontal and vertical orientation with
the gage diameter of 6mm and 9mm. The fourth set of samples underwent the processing in the
following order: machining, LTHIP and shot peen. The samples were fabricated in of the vertical
orientation with a 9mm gauge diameter. A final set of samples fabricated in horizontal (H)

orientation with a 9mm gage diameter underwent machining and a post-shot peen process.
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Table 4-8: Summary of samples evaluated in Phase I

Set Treatment Orientation Number of Samples Powder Reuse #
1 As-Built A" 8 7

2 STHIP VvV 36 8,9

3 Machined + LTHIP V,H 82 10

4 Machined + LTHIP + Shot Peen V 10 10

5 Machined + Shot Peen H 12 10

4.3.3.2 Phase II:

The source of variation due to the build space parameters is of interest. The influence of
the intra-build design parameters was previously explored in the vertical orientation. However, the
influence of the intra-build design parameters in the horizontal orientation has not been widely
explored. In addition, how the post-processing changes the scatter due to the intra-build design
parameters has not been widely explored. The build design implemented in the following phase
remained consistent with the multi-factor DOE adopted in the fracture toughness section. A partial-
factorial build design was adopted, with 3-levels for each factor, to investigate every combination
of factors using regression statistics. The part design parameter investigated in this study captures
any variation due to sample geometry through evaluating the influence of thickness on mechanical
properties. The thickness of each specimen corresponds to the thinnest area of the gauge section.
Radial distance and height are the two spatial location factors representing the placement in the
build chamber. The radial distance is measured from the center of the build plate to the center axis
of the sample and the height is from the build plate to the center of the sample. Radial distance
was chosen as the spatial parameter to reflect the tracking of the electron beam during the printing
process. Lastly, the sample orientation with respect to the build direction is explored, as seen in
Figure 4-3. These factors permit evaluation of the build space reflecting choices made by design
engineers.

The sequence of post-processing of the samples in Phase II is provided in Figure 4-10 for
each respective thickness and orientation. The influence of thickness is one of the intra-build
design parameters explored, where cylindrical samples of 7 mm and 10 mm were fabricated and

machined to the final dimensions shown in Figure 4-11.
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Figure 4-10: The sequence of post-processing for each set of samples investigated in Phase II.
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Figure 4-11: The final dimensions for the 6- and 9-mm samples post-machining per ASTM E466

Dimensions are in mm.
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Radial Distance (R)
Thickness (T)
Height (H)

z, Build Direction

Recoater Direction
I1SO View Front View Top View

Figure 4-12: PBF-EB build layout for the horizontally oriented high cycle fatigue (HCF)
specimens. Shown are the front, side, and top views, respectively. Radial distance (R), height (H),

and thickness (T) are three factors evaluated in this study and are defined as illustrated.

Table 4-9: The intra-build design factors and levels in the vertical and horizontal orientation

Parameters Levels

Orientation Vertical Horizontal

Thickness (T, mm) 6,9 6,9

Radial Distance (R, mm) 35, 65,95 35, 65,95

Height (H, mm) 56, 156 5,17, 48, 80, 143, 174, 206
Total Number of Samples 66 34

One build was performed to fabricate samples in both the horizontal and vertical
orientation, with the build layout provide in Figure 4-12. The two orientations were printed
together to maintain a consist heating during the fabrication process, limit rapid cooling, and limit
swelling of layers, in addition to reduce fabrication time. The intra-build design parameters
(thickness, radial distance, and height) in Table 4-9 remained consistent with the fracture
toughness DOE of the previous section. The vertical samples were printed per the design
parameters originally adopted by Ghods et al. ' to allow for comparison of the intra-build design

parameters in the untreated and HIP condition. However, to fabricate samples in the horizontal
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orientation, changes needed to be made to accommodate the number of samples necessary for
fatigue testing. The specimen thickness and radial distance remained consistent with the DOE
designed in the previous section, but the sample height ranged from 5 mm to 250 mm, shown in

Table 4-9. The total number of samples fabricated and tested in also provided in Table 4-9.

4.4 Analysis Procedure

4.4.1 Surface Roughness

The surface quality of the As-Built, Machined, and Shot Peened samples were
characterized prior to testing using the contact type profilometer MarSurf XR20 (Mabhr Inc., RI,
USA) equipped with a 2.5um conical diamond tip with a S5Snm resolution. Optical profilometer VR-
3100 (Keyence Corporation, Itasca, IL) captured the 2D and 3D surface profiles and topography.
The parameters associated with the 2D and 3D topography is given in Appendix E - Surface
Roughness. The average surface roughness (R.), ten-point height (R,), root mean square (Ry),
maximum valley to peak height (R;), skewness (Rsk), kurtosis (Rku), and maximum valley depth
(Rv) were obtained. Rais the average of each height and depth of the surface roughness profile, R,
is the average of the five highest peaks and valleys, Rq is the square root of the sum of squares of
each height and depth from the mean line, Rk is an indicator of the surface from symmetry, and
Rku indicates the sharpness of peaks. The 3D areal parameters are average roughness (Sa), ten-
point height (Sz), maximum valley to peak (S:), skewness (Ss), kurtosis (Sku), and maximum
valley depth (Sy). The values were obtained along the gauge section of the HCF specimens and the

area along the notch in the CT samples.

4.4.2 Internal Defect Analysis

X-ray microcomputed tomography (uCT) is a non-destructive analysis method that is
especially useful in imaging internal defects. During the uCT process, an object is irradiated with
X-rays to create a cross-sectional view of the object from the absorbed X-rays. The part repeatedly
rotates to obtain images of the entire structure. The images are consolidated to form a 3D volume
comprised of voxels. Each voxel represents a different material density which can be used for
various measurement and qualification analyses such as defects, surface roughness, and

dimensional measurements.
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puCT was be used to obtain defect distributions of select fracture toughness and fatigue
specimens prior to testing using a commercial system (X5000, North Star Imaging, Rogers, MN,
USA). The scan parameters for the fracture toughness and fatigue samples are provided in Table
4-10 and Table 4-11, respectively. Seven (7) gain maps were obtained for accurate greyscale
variations of the projections with a 0.127 mm brass filter. High-resolution scans are critical in
capturing small porosity defects. The projection of each scan was reconstructed using propriety
software provided by the manufacturer of the pCT system. Appropriate beam hardening
corrections are applied during the reconstruction to reduce process-induced artifacts. The
reconstructed volume is imported as an image stack into Volume Graphics VGStudio Max 3.1
(Volume Graphics Inc., Charlotte, NC) for defect analysis and to obtain key defect characteristics
(i.e., diameter, sphericity, location).

Table 4-10: Scan Parameters for the 9-mm Fracture Toughness specimens

Scan Parameter 6 mm 9 mm
Voltage 210 kV 210 kV
Current 80 uA 90 pA
Geometric Zoom x11.67 x11.67
Projections 2400 2400

Frame Average 2 2

Frames per second 2 2

Gain Maps 7 7

Voxel Size 16.75 um 15.44 um
Filter .005 in brass .005 in brass

Table 4-11: Scan Parameters for 9mm High Cycle Fatigue Samples

Scan Parameter 9 mm
Voltage 215kV
Current 60 LA
Geometric Zoom x15.91
Projections 3600

Frame Average 2

Frames per second 1

Gain Maps 7

Voxel Size 15.7 pm
Filter .005 in brass
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The background and material boundary were differentiated by the difference in grey value between
the material and defects. Gaussian filter was applied to improve differentiation between the
material and defects. After evaluating various surface determination methods, the Automatic
Surface Determination yielded the most accurate representation of defects. Edge-preserving filters
were applied to reduce computation time without affecting volumetric porosity. Internal defect
characteristics are determined using the VGDefx algorithm, with the option to exclude ring and
streak artifacts that may have developed due to beam hardening. The low-probability pores were

ignored using a high-adaptive noise filter according to their grey threshold values.

A comprehensive analysis of the distribution of defects in PBF-EB Ti6Al4V metal was
previously performed by Ghods et al. '%°. Therefore, to reduce cost of analysis, a subset of each
sample type and thickness was analyzed, per Table 4-12. To reduce scan time, two samples were
evaluated at a time such that a smaller geometric zoon was necessary to fully capture the sample

gauge section.

Table 4-12: Summary of the sample type, condition, and orientation evaluated by pCT

Type Metal Condition Orientation Number of Samples
Untreated X 14
ntreate Xy 9
Fracture Toughness
X 4
LTHIP
XY 4
Untreated H. 4
High Cycle Fatigue STHIP \'% 2
LTHIP \'% 4

4.4.3 Microstructure

CT specimens of each thickness in 3-5 build locations were selected for microstructure
analysis after testing. Specimens were cut and mounted in a conductive graphite-based powder
with a Buehler Pneument I mounting press. Each specimen is polished using Silicon Carbide paper
through increasing mesh numbers ranging from #240 to #800. A secondary finer polishing step is
performed using felt pads and DiaL.ube diamond suspension of 9 um, and a subsequent attack
polish. Between each polishing step, specimens are ultrasonically cleaned with deionized water.
A final etch is performed using Kroll’s Reagent (2%HF, 6% HNO3, and 92% water) for 3-4s to

obtain the microstructural morphology.
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After etching, the specimens are examined using an optical and scanning electron
microscope (SEM). The area along the crack path is also imaged to obtain information regarding
the crack path preference through the microstructure. The average a-lath, a-grain boundary, phase
volume fraction and prior  grain width are all obtained from minimum three SEM images per
sample. The a-lath measured according to Searles et al. 22°, where the lath is defined as the shortest
distance between two adjacent B ribs. The measurement process is previously provided in . The
a-grain boundary and B grain width were obtained from 5 measurements using a commercial
software (NIH Imagel], Bethesda, MD, USA). The volume phase fraction was obtained by
performing a thresholding technique on a grayscale image, then segmenting, and measuring the

total area of the 3 phase.

4.5 Post-Processing

4.5.1 Hot Isostatic Pressing

The influence of hot isostatic pressing (HIP) was evaluated in the following study. An initial set
of samples underwent the standard recommended HIP (STHIP) 920°C at 100 MPa for 120 min at
a commercial HIP facility. An alternative modified HIP treatment was performed at a lower
temperature HIP (LTHIP) with high pressure at 815°C at 190 MPa for 165 min. Utilizing
temperature further below the B-transus (980 °C) for Ti6Al4V alloys has shown a decrease in
microstructure coarsening, while the increase in pressure aids in mitigating internal defects °!.

The LTHIP treatments were performed by Quintus Technologies and the treatment cycle provided

below.
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Figure 4-13: LTHIP treatment cycle provided for reference

4.5.2 Surface Treatment

Surface treatments were explored to evaluate influence of the surface finish on the fracture
toughness and fatigue properties. The fracture toughness samples were dry milled in-house on a
Computer Numerical Control (CNC) with the machining parameters of Table 4-13. The samples
were dry milled with three single depth of cut of a full depth passes to achieve the dimensions in
Figure 4-4, in compliance with requirements of ASTM E399 228,

Table 4-13: Machining Parameters

Cutting Tool Carbide End Mill
Tool Diameter (in) 0.5

Cutting Speed (in/min) 3

Spindle Speed (rpm) 500

The DOE HCF specimens were printed as cylinders and machined to size, per the
dimensional requirements of ASTM E466 2°, Samples were machined by a local machining
vendor (Ballard Machine Works, Seattle, WA) prior to any other surface treatments via a turning
process with appropriate parameters for titanium to avoid residual stresses buildup. A minimum
of 1 mm was removed from the external diameter to insure sufficient removal of the PBF-EB

surface and subsurface defects. The subset of DOE HCF samples were shot peened by a local
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vendor (ASKO Processing, Seattle, WA) per MIL-S-13165. A CW35 shot peen media was used
at a .006-.01A intensity along the sample gauge section.

4.6 Experimental Testing

4.6.1 Mechanical Properties

Tensile samples were designed and tested per ASTM EO08 requirements *!. Samples were printed
throughout the build space alongside the CT samples in both horizontal and vertical orientations.
Samples were tested in the post-machined condition where approximately 0.4 mm was removed
from each surface. Scatter and crack initiation due to the rough surface is reduced by machining
the surface.

Tensile tests were performed using a commercial universal testing system (Instron: Model
5585 H; Norwood, MA) under displacement control loading at a strain rate of 0.05 s™!. Stress-
strain response curves were generated from the load displacement data, which were used to
calculate the elastic modulus, yield strength, ultimate tensile strength, % elongation, and the strain
hardening exponent.

The Vickers hardness values were obtained using a LM247AT micro-indenter and AMH43
software (LECO Corp., MI) according to ASTM E92 232, A minimum of five indentations were
performed on each sample with a load of 100-gram force for 13 seconds. Per ASTM E92, each
indentation location was verified before and after indentation with a distance greater than 2.5d (d

= Indentation Diagonal) between indents.

4.6.2 Fracture Toughness Testing

The specimens were printed with dimensions and crack orientation, as shown in Figure 4-4, using
straight-through wide-notch compact tension (CT) specimens per ASTM E399 228 Per the
standard, to limit plasticity at the crack tip, the thickness must be between 6- and 12 mm for our
specimen with a width of 25 mm, per Eq. 4.1. However, as plane-strain Kic values are not
guaranteed, approximate fracture toughness values are used for the initial design. Three
orientations (ZX, XZ, and XY) were explored in this study to understand the influence of crack
orientation with respect to the build and loading directions. Two-letter designations are used in

this study and shown with respect to the build orientation and recoater direction, where the first
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letter designates the direction normal to the crack plane and the second designates the direction of
crack propagation, as shown in Figure 4-4.

The precracking and testing of the 6- and 9-mm samples was performed on a commercial
universal testing system with a 20 kN (Instron Model 8511) and on a 100 kN (Instron Model 85215
Nordwood, MA) capacity for 12mm thick samples. Initially, a sharp precrack is generated from
the existing notch via cyclic loading at a frequency of 10 Hz and a stress ratio of 0.1, in accordance
with ASTM E399. The load used for fatigue precracking was calculated using literature plane-
strain fracture toughness values for Ti6Al4V %8, A fatigue precrack length of approximately 12
mm was formed as designated by Eq. 4.2 to ensure the material behaves under linear-elastic
conditions during testing.

The fracture toughness test was performed under quasi-static linear-elastic conditions
using the plane-strain method to determine the apparent fracture toughness. The cracking was
performed at a constant rate of 0.08 — 0.15 kN/s while the crack mouth opening displacement
(CMOD) was monitored and recorded using a displacement gauge, resulting in the load-
displacement curves in Figure 4-14. The specimens were tested under rising conditions of AK until
complete fracture. All tests were performed at room temperature in compliance with the ASTM

E399 228,

w
2 < Eq4.1
B
0.45W <a < 0.55W Eq4.2
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Figure 4-14: Load vs. Crack Mouth Opening Displacement (CMOD) Curve for sample specimen.
The blue line is the linear-elastic portion, and the fracture toughness is obtained from the dashed-
pink 95% secant line per ASTM E399.

Upon completion of the test, the conditional fracture toughness Kq is obtained per the
following steps. The force at a 5% secant offset (Pg), which corresponds to about 2% crack
extension in the specimen, is obtained from the initial linear slope of the recorded applied load and
CMOD. An example is shown for selected specimens in Figure 4-14. The conditional fracture
toughness Kq is calculated using the value of Pq using Eq. 4.3, where f(a/W) of Eq. 4.4 is the size
correction factor, a is the crack size, W is the frontal width, and P is the applied load.

p .
K:N_Wf(%) Eq4.3

Eq 4.4

a (2+) [0.886+ 4.64%—13.32(%)2+14.72(%)3— 5.6(%)4]
f (W) - (1-3)3/2

The validity of each test was confirmed using Eq 4.5 and Eq 4.6, where gy, is the yield
strength and P the maximum load from the load-displacement curve. For values that meet both
validity equations, the stress intensity value Ko has met plane-strain conditions and can be

designated as Kic and considered a material property.

Kq 2 Eq 4.5
W-a =25|—
Oys
P
max <1.10 Eq4.6
Q
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Valid plane strain fracture toughness values were investigated for accurate determination
of the influence of intra-build design parameters on the fracture behavior. To determine the effect
of the build space and the interactions between each of the parameters (orientation, thickness,
radial distance, and height) on fracture toughness, an Analysis of Variance (ANOVA) is used.
ANOVA is a statistical method which compares the difference between the factor mean versus the
group mean. It is a powerful tool as it can compare multiple independent factors (such as the intra-
build parameters explored in this study) and allows for comparison of multiple independent factors
and the interactions between factors. For a parameter or interaction to be deemed significant, a p-
value < 0.05 is required. While ANOVA statistics finds the significance of the model and its
factors, it lacks information on where the differences lie. Therefore, a pairwise comparison was
performed between each factor level using a Tukey post-hoc test to evaluate where the differences
between each factor level lies. Stat-Ease (Design Expert, Minneapolis, MN, USA) was used for
the ANOVA statistics and IBM SPSS Statistics software (Chicago, IL, USA) to perform the ad-

hoc comparison tests. The data investigated in included in Appendix A - Experimental Properties.

4.6.3 High Cycle Fatigue Testing

Uniaxial tension-tension high cycle fatigue (HCF) testing is to be conducted per ASTM
E466 2. The fatigue tests on the Phase I of the STHIP was performed on an Instron hydraulic
testing system (Instron Model 8511, Norwood, MA) with a 20kN capacity under constant
amplitude with a load ratio (R) of 0.1 at 10 Hz. The remainder of the samples were tested on an
Instron hydraulic system (Instron model 8520, Norwood, MA) with a 100kN capacity under
constant amplitude with a load ratio (R) of 0.1 at 15 Hz. The total number of cycles is recorded
until failure or an endurance limit of 107 cycles is reached. Minimum of three stress levels between
200 — 800 MPa were selected for each set of experiments, with the specific stress levels provided
in Table 4-14. The stress and cycles to failures were plotted onto a Stress-life diagrams, with the

Basquin power-law relationship used for fitting, where

S = AN} Eq4.7

S is the stress level (max stress, stress amplitude, or effective stress), 4 and B are the stress-life
constant and exponent, and Ny is the number of cycles to failure. Multiple linear regression was

performed using IBM SPSS Statistics software (Chicago, IL, USA) to evaluate the stress-life
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distribution and the relationship with respect to the intra-build design parameters for each metal

condition.
Table 4-14: Stress Levels tested for each material condition
Condition Orientation Stress Levels
Machined Horizontal 400, 550, 700
STHIP Vertical 200, 300, 400, 600
Machined + LTHIP Vertical 300, 400, 600, 800
Machined + LTHIP Horizontal 400, 550, 700
Machined + LTHIP + SP  Vertical 500, 600, 800

4.7 Fractography

Nikon SMZ1000 (Nikon Metrology Inc., MI, USA) optical microscope and FEI Sirion
XL30 (Amsterdam, Netherlands) scanning electron microscopy (SEM) was used to observe the
fracture surface. In the fracture toughness samples, the crack length prior to final fracture and
mechanisms associated with crack growth were identified. The macroscopic characteristics of the
fracture surface and determination of crack length were performed using the optical microscope.
The SEM was utilized to obtain finer details of the fracture surface and observe anomalies
influencing fracture toughness properties.

Microscopy was used in the HCF samples to assess the regions of crack initiation, crack
propagation and the area of final rupture of the HCF specimens. The SEM was utilized to obtain
finer details of the fracture surfaces, obtain quantitative measurement of crack initiation features,

and observe possible anomalies leading to variation in properties.
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5 Fracture Toughness: As-Built Condition

5.1 Introduction

Metal additive manufacturing (AM) is promising for its ability to create intricate and low-
waste products. However, understanding the mechanical performance of metal AM components is
essential for adoption in stress-critical applications and is an area of growing interest !> 19233,
Electron Beam Melting (PBF-EB) and Laser Powder Bed Fusion (PBF-LB) are two popular metal
AM processes manufacturing nearly dense parts. PBF-EB is favored for its fast printing speeds,
vacuum-inert atmosphere, and high build temperatures that enable printing with minimal support
structures and components with negligible residual stresses '>!6, PBF-LB components exhibit finer
resolution, a better surface finish and reduced powder degradation.

In conventionally manufactured alloys, minute composition, microstructure, and process
variations contribute to scatter in mechanical properties 8. The layer-by-layer AM process yields
a different set of issues not previously accounted for in conventional manufacturing processes
where build orientation, geometry, printing parameters, powder, and microstructural differences
contribute to additional scatter in mechanical properties !> 1% 127, 220234235 Bertgch et al. 23
investigated the property variation in PBF-EB and PBF-LB Ti6Al4V and observed that defect
density can influence mechanical property, but the microstructure and phase distribution of the
Ti6Al4V that ultimately dictated the mechanical performance. Moreover, the rough surface can
reduce the PBF-EB tensile properties by 10% and over 50% under cyclic conditions 2223, The
As-Built surface of metal AM components depends on the build orientation, geometry, powder
size, and process parameters !©3. The rough PBF-EB surfaces can exhibit staircase effects,
partially fused powder particles from the layer-by-layer process, and partially unmelted areas due
to the line-by-line scanning strategy or inadequate process parameters. The feedstock powder
shape and size also influence the surface roughness, with PBF-EB components reporting surface
roughness values double (~28 pm Ra) those of PBF-LB parts (~15 um Ra) due to a larger powder
size distribution. While it is important to understand the overall mechanical properties, a holistic
approach investigating the contribution of microstructure, surface condition, and porosity on

mechanical properties is vital.
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Furthermore, the fracture-critical properties are necessary for adoption of metal AM
components. Fracture toughness, or the material's resistance to fracture, represents the alloy's
quality, reliability, and durability, an essential material property for fracture prevention of
engineered components. While there is a growing interest in metal AM fracture resistance, the
limited PBF-EB data hinders comparison between the studies and impedes the adoption of metal
AM components. The PBF-EB Ti6Al4V Kq fracture toughness values are in the promising range
of 60 - 100 MPaVm, comparable to wrought and cast alloys '341-94154_ The fine martensitic PBF-
LB microstructure and large residual stresses reduce crack growth resistance and toughness (16 —
60 MPavm) compared to their PBF-EB counterparts 4 153 158. 161236 - Qrientation-dependent
fracture toughness properties have also been observed in both PBF-EB and PBF-LB components
13,41, 154, 158236 * A comprehensive study on the PBF-EB process-structure-property relationships,
focusing on reproducibility, will bring metal AM closer to use in load-bearing applications.
Although elevated PBF-EB build temperatures are preferred for maintaining part shape and
reducing residual stresses, a thermal gradient exists as new layers are added and lower layers cool.
Additionally, specimens can undergo different temperature cycles depending on location, with the
largest concentration of heat in the center of the build '*7. This contributes to a coarser
microstructure in metals in the center of the build space than those close to the edges, resulting in

location-dependent tensile properties 2223127

. Microstructure directly influences fracture toughness
such that microstructural characterization of the entire PBF-EB build space is necessary to produce
repeatable components.

The contribution of porosity, microstructure, surface condition, and orientation on fracture
resistance must be explored to push the barriers limiting metal AM adoption. To further develop
quality and reliable metal AM components, the build design influences on fracture property
variability is key. In this study, we investigated the effects of build space parameters and part
design and their interaction on the fracture toughness of PBF-EB Ti6AlI4V. Statistical analysis was
performed to understand the influence and interaction of the most critical features influencing
fracture resistance. This study reports foundational knowledge of the property variability due to

build space and provides general guidelines for design engineers in producing acceptable and

repeatable components.
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5.2 Results

5.2.1 Microstructure

The typical microstructure imaged using SEM is shown in Figure 5-1. The rapid heating and
cooling with the addition of each layer creates columnar B grains with large aspect ratios parallel
to the build direction, as seen in Figure 5-1a. The prolonged high build temperature of the PBF-
EB process is akin to stress relief and anneal process below the -transus temperature, transforming
the initial o’-martensite into a+f3 basketweave within the columnar B grain. The B volume fraction
of ZX, XZ, and XY samples is 11%, 11.5, and 12%, respectively. The average prior § width grain
size measured approximately 42, 39, and 39 um in the ZX, XZ, and XY samples, respectively.
Statistical significance from the intra-build design parameters was not observed to influence the 3

phase fraction and grain width and additional samples are recommended.

@ Build Direction

Build Direction

(a) (b)

Figure 5-1:PBF-EB Ti6Al4V microstructure of the machined (a) ZX and (b) XY oriented samples.
Columnar prior-p grain formed along the build direction, comprised of an o+f basketweave microstructure
within the grain. (b) The dark color identifies the acicular o grains and the B-rib in white after etching.

A box plot of the a-lath thickness for the three orientation is provided in Figure 5-2a. The
box plots represent the median, upper, and lower interquartile range. The outliers are represented
by the individual data points. As evident from Figure 5-2a, the ZX and XZ samples reported similar
a-lath thicknesses between 1-1.2 um, and the XY samples reported a 30% larger thickness,
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between 1.3-1.8 um. A factorial ANOVA on the data resulted in significant p-values, indicating
that orientation had the largest influence (67% contribution) on the a-lath thickness, followed by
the intra-build parameters. A pair-wise Tukey test was performed and shown in Figure 5-2a. The
bars connecting two groups with a (***) indicates the XY orientation is statistically different from

the ZX and XZ orientations.

H H Factor1  Factor  Factor 3 Factor 4 Response 1
All Orientations 2
$okk Sample A: B: C: Radial D: a-lath thickness
T 1 Thickness  Height Distance Orientation (um)
—~ 2.00 ok 1 12 156 65 zX 1.23
E ! 2 6 256 95 zX 0.988
3 3 12 56 95 zX 0.97
~ | 4 12 156 65 XZ 1.17
a 175 5 9 156 95 7X 1.1
g 6 12 156 35 XY 1.76
7 12 56 35 XY 1.33
ﬁ 1.50 8 12 256 95 XZ 1.21
:_E 9 12 256 35 zZX 1.26
+ 10 9 156 35 zX 1.1
£ 1.254 11 12 56 35 zX 1.03
© 12 12 256 95 zX 1.29
- 13 9 56 35 zX 1.05
8 1.00- 14 9 256 35 ZX 113
¢ 15 12 256 95 XY 1.76
p-value = <.001 16 9 256 95 zX 123
i i i 17 12 56 35 Xz 1.07
ZX XZ XY
Orientation
(a) (b)
Source Sum of % df Mean Square F-value p-value XZ Orientation
Squares Contribution Height
Model 0.7782 6 0.1297 19.38  <0.0001 1.2 - — + Thickness
Thickness 0.0530 8.2 1 0.0530 7.92 <0.05 € e - vee+ Radial
Height 0.1336 20.7 1 0.1336 19.97 <0.05 = Pe
Radial 0.0013 02 1 0.0013 0.1959  0.6675 D11 i CE
Distance 2 e o
Orient 0.4346 67.3 2 0.2173 3248 <0.0001 § -
H? 0.0235 3.6 1 0.0235 3.51 0.0904 S10/ -
Equation: ZX a-lath = 0.4138+ 0.0370*B +.00383*H — 0.000355*R -.0000082*H? £ -
XZ a-lath = 0.385 + 0.0370*B +.00383*H — 0.000355*R -.0000082*H? o
XY a-lath = 0.848 + 0.0370*B +.00383*H — 0.000355*R -.0000082*H? B 0.9
6 9 12
Thickness (mm)
35 65 95
Radial Distance (mm)
(c) (d)

Figure 5-2: (a) Box plot of the ZX, XZ, and XY fracture toughness values, overlayed with model
significance and Tukey test indicating significance. (b) the four-way DOE table and (c) results. (d) the plot
of prediction equations obtained from the ANOVA model.

Height had the second largest impact (21%) on a-lath thickness, with ~20% increase in lath
size with increasing height, as seen in Figure 5-2c. The Tukey pair-wise comparison test for height
found the lowest height level was significantly different from the middle and high height levels,
which is contributing to the curvature observed in the Height factor Figure 5-2¢. The largest change

in lath thickness occurred between the low and mid height levels, such that samples closest to the
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build plate exhibited a finer microstructure. The positive linear relationship between a-lath and
geometry resulted in a ~10% increase with increasing thickness, shown in Figure 5-2d for the XZ
orientation. The microstructural trends were observed for all three orientations, and the XY and
ZX orientation provided in Appendix D - Statistics. Additionally, a small decrease in a-lath
thickness was observed with increasing radial distance, however the parameter was not found to
be significant. The resulting model equation can be used to make predictions of the a-lath
thicknesses for the given intra-build design parameters, as shown in Figure 5-2b for each

orientation.

5.2.2 Porosity analysis

For this study, defect diameters above 50 um were analyzed, with an interest on the defect
diameter and shape seen in Figure 5-3 and Figure 5-4. The diameter of the pores is defined as the
maximum possible diameter of the defect, and sphericity is the measure of how likely an object
resembles a sphere and is found as the ratio of the surface area of a circumscribed sphere with the
same volume to the surface area of the defect. A defect with sphericity close to one (1) is nearly
spherical and defects with lower sphericity close to zero (0) tend to have higher aspect ratios and
irregular or non-spherical shapes, such as the flat and irregularly shaped LOF defects. It can be
seen from Figure 5-5a defect diameter distribution with the majority of defect diameter < 0.4 mm
and sphericity > 0.4 mm, where the largest defect diameters also correspond to the lowest

sphericity.
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Sphericity, S =
Figure 5-3: High magnification images of porosity and LOF defect. The arrows denote spherical gas

pores. The outlined region indicates the LOF defect formed between two layers and contained

unmelted and partially melted powder particles.
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Figure 5-4: The uCT reconstruction of the As-Built and LTHIP samples. The LTHIP process showed

a significant reduction in porosity and defect size.

The influence of the intra-build design parameters on the average defect diameter was further
evaluated. Thickness and height were found to significantly influence the change in defect size.
The positive regression relationship between thickness and height on average diameter is shown

in Figure 5-5b, where an increase in defect size is observed.
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0.7
Thickness (mm)
% 3
0.6 3 = 6
= 9
+ 12
2
G 0.5 1
i
<%
9 0.4
0.3 + *
0.2 0.4 0.6 0.8 1.0
Defect Diameter (mm)
(a)
Factor 1 Factor 2 Factor3  Response 3
Samples A: Thickness B: Height C:Radial Mean Diameter
1 12 156 65 0.175
2 6 256 95 0.156
3 6 56 95 0.123
4 12 156 95 0.1845
5 9 156 95 0.143
6 6 56 35 0.134
7 6 256 35 0.114
8 9 156 35 0.151
9 9 156 65 0.143
10 12 256 95 0.176
11 9 56 35 0.117
12 12 56 65 0.155
12 9 56 95 0.122
14 9 256 95 0.158
(c)

. Height
016 . - Thickness
€ R - Radial
S s’
= s’
% 0.159 sssscsnnnnnnns ’.;-’ ...............
IS R
.0 o
0 014 /
P
7
6 9 12
Thickness (mm)
35 65 95
Radial Distance (mm)
(b)
Source Sum of % df Mean F-value p-
Squares Cont. Square value

Model 0.0042 0.0014 8.98 0.0045
A- 0.0017 53% 1 0.0017 11.15 0.0087
Thickness
B-Height 0.0015 47% 1 0.0015 9.56 0.0129
C-Radial  8.688E-07 1 8.688E-07 0.0056 0.9419

Equation: Mean Dia. = 0.0787 + .00533*A +.00015*B - .000012*C

(d)

Figure 5-5: Graphs representing the defect characteristics obtained from pCT analysis. (a) The defect

diameter is plotted versus the defect sphericity. (b) A positive linear relationship between mean diameter

and thickness and height exists. (¢) the DOE table evaluated and the resulting (d) ANOVA table.

5.2.3 Surface Roughness

The 3D surface morphology and line roughness profile are provided in Figure 5-6 as a

function of surface condition. Additional data regarding the surface morphology and parameters

in provided in Appendix E - Surface Roughness. The topography was obtained to better understand

the features influencing mechanical properties. The roughness profiles were obtained from a line

scan and provides a 2D view of the surface. The As-Built surface exhibited the largest peaks and

valleys compared to the other surface conditions. The rough surface of the CT samples exhibits

the partially fused powder particles evident in the As-Built condition which was removed with

machining. However quantitative analysis was required to fully understand the influence of surface

roughness.
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Figure 5-6: The 2D surface roughness profile in each sample. Note the difference in scale.

Table 5-1 summarizes the surface roughness parameters including: the average surface
roughness values (Ra), ten-point height (R;), root mean square (Rq), maximum valley to peak
height (R¢), skewness (Rsk), kurtosis (Rku), and maximum valley depth (Ry). The surface roughness
characteristics were obtained as a function of surface and metal condition. The PBF-EB surface
decreased from ~20 um in the as-built to 0.2 - 1 pm with machining 1 mm from the external
surface. While many PBF-EB studies report the R, and R, values, the other surface parameters
have been shown to be beneficial in understanding the mechanical properties. The maximum peak
to valley, root mean square, and maximum valley depth were all shown to decrease significantly
with machining. The decrease in Rq, R¢, and Ry indicate a decrease of features which may act as
surface notches. The negative Rg values indicate the surface is made up of valleys primarily, where
the machined samples had the lowest skewness. The decrease in average and range of skewness

implies the surface symmetry decreased with machining.
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Table 5-1: CT samples surface roughness characteristics in each condition

Parameter As-Built Machined
Ra (um) 244+5.6 0.15+0.10
R, (um) 168.5+48.5 0.68 £ 0.08
Rq (um) 253+25 0.17+0.01
R (um) 107.6 £14.3 11.69+1.48
Rk (um) -0.1+£0.10 -1.48+0.11
Riu (um) 29+043 2.79+0.63
Ry (um) 56.5+7.8 5.64+£0.59

5.2.4 Tensile Properties

Figure 5-7 shows the stress-strain curves as a function of surface condition and orientation.
The stress-stain responses were constructed by calculating the stress based on the instantaneous
area and strain from the change in area. Because of machining and orientation, three experimental
observations are implied in Figure 5-7. First, the yield strength as a function of surface condition
increases, which is attributed to the improvement in the surface quality. Second, the area under the
stress-strain curve, denoting the toughness, increases with machining. Lastly, the horizontal and

vertically oriented samples exhibit similar tensile behavior.

1200

1000

800

600

400

Vertical AsBuilt
200 = Vertical Machined
m  Horizontal Machined

Tensile Stress (MPa)

0
000 002 004 006 008 0.10

Tensile Strain

Figure 5-7: The stress-strain curve as a function of surface and build orientation
Table 5-2summarizes the tensile properties, including the yield strength, ultimate tensile
strength, elongation at failure, and strain hardening. The properties were obtained as a function of
the surface condition and orientation. The YS and UTS increased significantly with machining.

With an improvement in the surface quality, stress induced due to surface and subsurface defects
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is removed, resulting in an increase in properties. Similar trends were observed in #*. Furthermore,
the EF remains comparable between the two metal types and orientations. EF is typically affected
by internal porosity, where the similar bulk properties would yield similar ductility. The YS, UTS,
and EF are comparable to the study by !2, where an increase in YS and UTS was observed after
machining, while the EF remained the same.

Table 5-2: Summary of the tensile properties

Yield Strength Ultimate Tensile Elongation

Type Orientation
(MPa) Strength (UTS) % (EF)
As-Fabricated  Vertical 840 960 9
Machined Vertical 975 1122 10
Horizontal 972 1100 10

5.2.5 Fracture Toughness

Response surface methodology (RSM) was used to evaluate the influence and interaction of the
intra-build design parameters (orientation, thickness, radial distance, and height) on fracture
toughness. The DOE table and ANOVA results includes the term examined in the model, including
the main factors and significant interactions effects. The model and the intra-build design
parameters were found to be significant (p < 0.05), and the ANOVA tables provided in Figure 5-8.
The four-way ANOVA model was performed to evaluate the influence of orientation, and the
intra-build design parameters. The model was significant, with orientation, height, and radial
distance having the largest influence on fracture toughness variation. XY samples reported higher
fracture toughness values than the ZX and XZ oriented samples. When the sample orientation was
considered, the fracture toughness variation decreased from 10% to roughly 8%. The influence of
surface condition in the ZX orientation using a one-way ANOVA was not found to be significant,

with roughly 3% variation between the unmachined and machined samples.

99



Factor 1  Factor Factor 3 Factor 4 Response 1
2

Sample A: B: C: radial D: Fracture
thickness  height distance Orientation toughness

1 9 56 95 ZX 56.7

2 6 156 65 zZX 63.7

3 12 56 65 XZ 61

4 6 56 95 XZ 54.8

5 9 156 35 ZX 68.3

6 9 256 95 XY 70

7 6 56 35 XY 66

8 12 56 35 XY 68

9 9 56 35 ZX 66

10 6 56 65 ZX 56.5

11 12 156 95 XZ 61

12 6 256 35 XY 71

13 9 256 65 XZ 71

14 9 256 65 XZ 69

15 6 256 95 zZX 69.6

16 6 156 35 XZ 63.8

17 9 156 65 XY 67

18 12 56 95 XY 64

19 9 156 65 XY 70

20 [ 256 35 XZ 75

21 6 56 95 XY 63

22 6 156 95 XY 64

23 9 156 65 ZX 61.4

24 12 256 65 XY 74

25 9 156 35 XY 69

26 9 156 95 XZ 60

(2)
Source Sum of % df Mean F-value p-value
Squares Contribution Square

Model 615.79 7 87.97 19.03 <0.0001
Thickness 18.43 32 1 18.43 3.99 0.0612
Height 336.31 58.6 1 336.31 7275  <0.0001
Radial 98.50 17.2 1 98.50 21.31 <0.001
distance
Orientation 88.35 15.4 2 44.18 9.56 <0.05

ZX FT =58.029 + 0.395*T + 0.059*H — 0.0838*R
XX FT =56.273+0.395 *T + 0.624*H — 0.0838*R
XY FT =65.148 + 0.395 *T + 0.031*H — 0.0838*R

(b)
Figure 5-8: The RSM four-way ANOVA (a) DOE table and (b) significance test evaluating the effect of

orientation and the intra-build design parameters.

The relationship between each factor (thickness, radial distance, and height) and fracture toughness
in each orientation was further evaluated using a three-way ANOVA, results provided in Figure
5-9a and the contribution of each factor in Figure 5-9b. The factor plots in Figure 5-10 show the
relationship between the response (fracture toughness) and the different levels of a given factor,
while keeping the other two factors constant at the mid-level. A linear relationship was observed

for parameters where only the specific parameter influences fracture toughness. A non-linear
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relationship is presented for samples where both the specified parameters and the interaction

between the other parameters exist.

ZX As-Built ZX Machined
Source  Sumof Squares df Mean Square F-value p-value Source  Sumof Squares df Mean Square F-value p-value
Model 49127 4 12282  13.98 <0.0001 significant Model 24338 4 8584 2014 <0.0001 significant
A-thickness 4253 1 4253 484 0.0419 A-thickness 915 1 9.15 215  0.4737
B-height 870 1 85870 40.84 <0.0001 B-height 31544 1 31544  74.00 <0.0001
C-radial 66.35 1 66.35 7.55 0.0137 .
C-radial 68.51 1 68.51 16.07  0.0025
AB 38.92 1 38.92 443  0.0505
. AB 68.97 1 68.97 16.18 0.0024
Residual 149.32 17 8.78
) o Residual 4262 10 4.26
Lack of Fit 9232 11 8.39 0.8835 0.5948 not significant
Pure Eror 57.00 6 9.50 Cor Total 386.00 14
Cor Total 640.59 21
XZ Machined XY Machined
Source  Sumof Squares df Mean Square F-value p-value Source  Sum of Squares df Mean Square F-value p-value
Model 488.74 4 12218 21.87 <0.0001 significant Model 44237 4 11059 22.27 <0.0001 significant
A-thickness 3334 1 33.34 597 0.0274 A-thickness 3353 1 33.53 6.75 0.0164
B-height 256.96 1 256.96 45.99 < 0.0001 B-height 336.61 1 336.61 67.78 <0.0001
C-radial 24854 1 248.54 44.48 <0.0001 C-radial 3353 1 33.53 6.75 0.0164
B? 3136 1 31.36 561 0.0317 A? 1450 1 14.50 292 0.1016
Residual 83.81 15 5.59 Residual 109.26 22 4.97
Lack of Fit 56.81 12 4.73 0.5260 0.8167 not significant Lack of Fit 104.76 21 4.99 1.11 0.6470 not significant
Pure Error 27.00 3 9.00 Pure Error 450 1 4.50
Cor Total 572.55 19 Cor Total 551.63 26
(a)
Factor Contribution
Factor
ZX As-Built{ 727% 13.1% 70.8% 8.4% Thickness
. Height
ZX Machined 14.9% 14.8% 68.3% 2.0%
Radial Distance
XZ Machined ! 43.6% 45.1% 5.8% Thick * Height
B Height*Height
XY Machined 8.0% 80.5% 8.0% B Thick * Thick
0 20 40 60 80 100

% Contribution
(b)
ZX FT=44.725+2.640*T + 0.131*H - 0.077 *R - 0.010 *T*H
XZ FT = 66.328 +0.561*T — 0.042*H — 0.137 *R+ 0.0002 *H>
XY FT =74.984 —2.570*T + 0.044*H — 0.047 *R+ 0.169 *T>
()
Figure 5-9: The RSM ANOVA significance test for the intra-build parameters in the ZX As-Built, ZX
Machined, XZ Machined, and XY Machined condition. (b)The contribution of each factor in the model,

and (c) the resulting equation for the given model.
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As it can be seen, the intra-build design parameters have a similar effect on the fracture
toughness behavior, regardless of orientation. The sample height within the build space was
observed in Figure 5-9 and Figure 5-10 to have the strongest influence on fracture toughness (45
— 80% contribution), with fracture toughness increase with increasing height from the build plate.
Radial distance had the second largest effect (8 — 44% contribution), exhibiting a negative
correlation to fracture toughness, with a decrease in fracture toughness in samples located closer
to the edges of the build space. Lastly, a positive relationship between fracture toughness and
thickness was observed in all three orientations. The thickness parameter contributed to roughly 2
— 8% of variation in the model. Due to the limited number of valid K. values in the ZX Machined

orientation, thickness was not found to be significant, and additional samples are recommended in

the future.
Height = - - Thickness  ==--- Radial
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Figure 5-10: The RSM prediction curves in the ZX, XZ, and XY orientation. Each factor is individually

plotted while keeping the other two factors constant.

The average PBF-EB Ti6Al4V fracture toughness and the Coefficient of Variation (CoV) are
provided in Table 5-3 for each orientation and surface condition. The CoV was calculated to better
understand the repeatability and variability of the results. The valid Kic plane-strain fracture
toughness values reported an average fracture toughness of 65 MPaVm with less than 10%

variation in overall properties, comparable to conventionally manufactured alloys °%.
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Table 5-3: Summary of fracture toughness values obtained for each orientation.

Condition Orientation Ijlc (MPa CoV Kie, st (MPa Ref
m) \m)
All All 65.5+5.9 9.12 65.5+1.2
As-Built 7ZX 67.3+6.8 10.21 67.3+£3.3
Machined X 63.2+4.9 7.83 63.2+2.7
XZ 643+5.2 8.22 63.3+1.9
XY 67.0+54 8.12 67.0+2.0
Wrought, air- 44 - 66 237
cooled
Cast, annealed 77+12.5 8

5.2.6 Fractography

The fracture surfaces of selected specimens were analyzed using an optical microscope to evaluate
the macro and micro-mechanisms of fracture behavior. The pre-crack, crack propagation, and area
of final fracture are provided in Figure 5-11. Macroscopically, the fracture surface consisted of flat
fracture center and angled shear lips along the edges. Porosity and LOF defects were visible on
the fracture surfaces, most notable on the fracture surfaces of the ZX oriented samples as seen in
Figure 5-11c. Porosity and defects made up roughly 0.2% of the XZ and XY fracture surface, while
1.3% of the ZX fracture surface.

High magnification images of the fracture surfaces were obtained using scanning electron
microscopy to evaluate the microscopic fracture features. In the unstable crack growth region
following the precrack, ductile and brittle failure micro-mechanisms were observed on the fracture
surface as seen in Figure 5-11c. Ductile dimpling due to micro-void coalescence comprises much
of the fracture surface. However, smooth flat quasi-cleaved facets were found in all three
orientations. Secondary small cracks were observed on all the samples normal to the crack growth
direction on the fracture surface. Similar shallow cracks were shown to be initiated from the prior-

B grain boundary when observed from the side of the samples.
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Build Direction

<«——  Build Direction

Figure 5-11: Fracture surface of the ZX, XZ, and XY orientations. (a) The samples exhibited thumbnail
precrack and shear lips along the edges, notably the ZX samples. (b) The crack path through the
microstructure is shown. (¢) The fracture micromechanisms are provided, with quasi-brittle facets (black
arrows) observed on all three orientations. Porosity (white arrows) and tearing ridges (grey arrows) are
identified. The transparent arrows identify regions roughly 50 um apart.

While the samples had similar fracture features, orientation-dependent fracture

mechanisms were noted. The ZX oriented samples exhibited the largest shear lip area ranging from

12 —30% of the fracture surface and the roughest surface compared to the XZ and XY orientations.
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High magnification imaging showed ductile dimpling on the majority of the ZX fracture surface,
alongside a few flat features likely formed due to failure along the slip planes. In addition, the
fracture surface existed on multiple planes, where defects were found on the bottom of the facets.

The XZ samples also exhibited a rough fracture surface but were unique to the long ridges
that radiated from the pre-crack regions in the crack growth direction. A smaller shear lip area of
9-20% of the fracture surface is observed on the XZ compared to the ZX samples. Microscopically,
the samples were composed of ductile dimpling surrounded by several flat facets, seen in Figure
5-11c. Large dimples existed along the crack growth direction, spaced at roughly 50 pm
increments, aligned with the build direction, and similar in size to the columnar § grain average
width.

The XY fracture surface had the smoothest and flattest fracture surface compared to the
other orientations. The samples also had the smallest shear lip area, ranging between 8 — 15%, with
many of the samples only forming a shear lip along one free surface. Microscopically, the samples
exhibit a mixture of ductile and quasi-brittle fracture mechanisms, with increased areas of quasi-
cleaved facets present compared to the ZX and XZ orientations. A notable feature of the XY
oriented samples is 50 um thick features on the fracture surface. The edges of these features were
distinguished by elongated dimples coalescing and cleavage facets initiating possibly from the a-

enriched grain boundary.
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6 Fracture Toughness: Hot Isostatic Pressing Effects

6.1 Introduction

Recent advances in additive manufacturing (AM) of metals highlights the imperative need
for post-processing to remedy the inherent shortcomings, especially in production environments
74,120, 142238 T critical applications such as aerospace structures, the mechanical performance (e.g.,
facture toughness) is at the cornerstone of the design and analysis of engineered components and
products *®. Common shortcomings of metal AM include porosity, surface roughness, and
anisotropy '*2%, which directly map to the survivability of deployed products. However, post-
processing treatments for PBF-EB Ti6Al4V remains suboptimal, particularly in balancing defect
reduction without microstructure coarsening '>°. The latter dictates the tensile properties resulting
in a decrease in strength 220240241 \where the cost and time increase may not justify the treatment
process. To address post-processing deficiencies in PBF-LB Ti6Al4V, AMS7028, a standardized
hot isostatic pressing (HIP) specification, has been introduced 2°. This standard aims to enhance
mechanical properties by optimizing HIP parameters for defect reduction while mitigating
microstructural coarsening. However, a comparable standardized HIP process for PBF-EB
Ti6Al4V is still lacking. Therefore, the motivation for this research is to explore an optimized
post-process treatment resulting in enhanced properties that transcend the state-of-the-art.

Another critical challenge in PBF-EB is the intra-build variation- the spatial difference in
microstructure, defects, and mechanical properties within a single build. Unlike conventional
manufacturing, where homogeneity is more easily controlled, PBF-EB components exhibit
thermal gradients and localized variations due to the prolonged beam exposure at elevated
temperatures during the layer-by-layer process. Li et al. ?** observed deterioration of the
mechanical properties along the build direction resulting from the thermal gradient within sample.
Landau et al. 137 further observed a decreased cooling rate and temperature gradient of nearly 70
°C contribute across the build space, which can lead to a difference in microstructure in samples
along the edges of the build space ?*>!?7, thus directly impacting tensile strength, ductility, and
fatigue life 2223 127. 140.141.211 Dyerimow et al. '*° investigated the effect of build height in PBF-EB
Ti6Al4V and found a strong correlation influencing mechanical performance. Furthermore, our

previous study ** quantified spatial differences in fracture toughness behavior, emphasizing the
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need to track intra-build parameters to fabricate repeatable and reliable components. Thus, the
build space design must be fully considered and tracked for consistent mechanical behavior. At
the same time, investigating the tensile response has been important for creating a foundational
understanding. However, the PBF-EB Ti6Al4V fracture resistance behavior is vital for appraising
its structural integrity, where material reliability and structural integrity are key for adoption of
AM components and ascertaining their performance in realistic loading scenarios. The diverse
processing conditions contributing to variation in PBF-EB tensile properties also influence fracture
toughness, where intensive effort is needed to understand the process-structure-property
relationships.

To improve mechanical properties and reduce scatter, a variety of heat treatments have been

117,243, and

employed in PBF-EB Ti6Al4V including stress relieving 7%, duplex heat treatments
hot isostatic pressing !'7:142, The subtransus heat treatments resulted in a moderate change in the
mechanical properties of PBF-EB Ti6Al4V due to the already high build temperature and slow
post-printing cooling. Whereas the supertransus treatments have promoted recrystallization of the
columnar grain into a preferred equiaxed structure !'7. However, the internal pores and defects
remained within the metal. Hot isostatic pressing (HIP) is a thermo-mechanical treatment often
used in the aerospace industry to reduce internal defects and residual stress and improve

148 However, the standard HIP (STHIP) process produces a coarse

mechanical properties
microstructure, greatly reducing mechanical properties #>15°, Limited data is available of PBF-
EB-specific treatments to improve fracture resistance despite the growing interest in evaluating
the fracture toughness properties of AM metal alloys '3#2%. Seifi et al. and Dzugan et al.
investigated the fracture toughness properties of PBF-EB Ti6Al4V using STHIP treatment (920-
950°C/100MPa/2h) 13134 The STHIP-treated samples were defect-free, but the expected increase
in fracture toughness did not materialize. Seifi et al. 13 observed that the coarsening microstructure
and the change in texture compete with the reduction in defects, which does not always result in
higher toughness. Dzugan et al. !> attributed the decrease in fracture toughness after STHIP to the
higher strength and the less resistant recrystallized microstructure. Therefore, modification of the
STHIP process is imperative for advancing the state-of-the-art in post-processing PBF-EB
Ti6Al4V, i.e., the primary motivation for this research study.

Given the shortcomings of the standard PBF-EB post-processing, this study seeks to

investigate an optimized HIP treatments that enhances fracture resistance while minimizing
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microstructural degradation. A systematic approach is adopted including micro-computed
tomography for defect analysis, microstructural characterizations, and statistical evaluation of the
intra-build design parameters (e.g., crack orientation, location, and thickness) to quantify the
fracture toughness variation. By modifying the HIP process to balance defect reduction with
microstructural changes, this research aims to advance post-processing strategies for PBF-E
Ti6Al4V, aligning them industry standards such as AMS7028 while addressing the unique
challenges of PBF-EB. The overarching goal of this research is to establish robust process-
structure-property relationship for PBF-EB Ti6Al4V, providing insight into the microstructure-
fracture resistance interactions and crack-growth mechanisms with different orientations. The
primary novelty is not only the overall effectiveness of the treatment, but the design of the
experiment is utilized to enable mapping and predicting the fracture toughness properties of PBF-
EB Ti6Al4V. The findings will provide critical guidance for the design and qualification of PBF-
EB components for structurally demanding applications, ensuring their reliability and long-term

performance.

6.2 Results

6.2.1 Microstructure

Figure 6-1 shows the typical microstructure of the PBF-EB Ti6Al4V as a function of build
orientation. The micrographs were obtained from SEM imaging, with the key characteristics (a-
enriched grain boundaries, o-colonies, and basketweave microstructure) obtained from
thresholding image analysis. The micrographs in Figure 6-1 implies the following observations.
First, the  grain in Figure 6-1(a) is notable as the columnar grains formed along the build direction.
The preferred epitaxial growth of the B grains is due to the repetitive melting and cooling of the
with the addition of each layer !6. Secondly, the initial o’-martensite transforms into a + B
basketweave structure with the rapid cooling (10°-10° K/s) to the build temperature of roughly
650°C of the PBF-EB process. The elevated temperatures of the PBF-EB process transform the
acicular o' martensite into a more ductile a-phase with improved metal ductility and fracture
resistance, akin to heat treatments below the B-transus temperature '%. Lastly, a long, often

uninterrupted a-enriched grain boundary (a-GB) is observed at the grain boundary.
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Figure 6-1: Key microstructural features such as prior B grains, the a-grain boundary, and the
basketweave structure, with respect to the build orientation.

Figure 6-2 shows the microstructure of the untreated and LTHIP PBF-EB Ti6Al4V as a
function of crack orientation. High-magnification images of the microstructural features were
obtained below the crack path and provided further insight into the effect of post-processing in
each orientation. First, the existing basketweave microstructure remained after post-processing.
Second, the o needles increased in thickness, while the B ribs have become better defined. Even
though a lower temperature HIP process was performed, coarsening of the microstructure was
noted, as seen in Figure 6-3. While an increase in a-lath thickness improves ductility and crack
growth resistance, the increase in the a-grain boundary thickness seen in Figure 6-3 can harm
mechanical properties. Lastly, the direction-dependent columnar grains remain, outlined by the a-

GB.
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Figure 6-2: Microstructure of the LTHIP ZX, XZ, XY oriented samples.

110



Table 6-1 summarizes the key characteristics obtained from the micrographs of Figure 6-3.
The a-lath, a-GB thickness, prior  width, and B vol.% were obtained as a function of post-
processing. The a-lath thickness increased as a function of metal condition, with up to a 20%
increase attributed to the LTHIP process temperature. This increase is not, however, as notable as

the 150% increase in a-lath thickness Changyong et al. 24

reported after a STHIP treatment, where
a significant coarsening is observed with the 920 °C HIP temperature. The prior B grain width
remained similar after post-processing, and comparable to other published works of Zhai et al. 4.
The processing temperature was 150°C below the B transus (99520 °C) with a furnace cooling
process, where grain transformation from the columnar to equiaxed would not occur. The 8 vol.%
increased by 2% from the untreated condition, comparable to studies by Jaber et al and Katzarov
et al. 24246 Takajo et al. 27 demonstrated during the PBF-EB fabrication process; the metal is
preheated to 700°C briefly before cooling down to 650°C, which is insufficient time for the
vanadium to diffuse and stabilize the B phase. With a post-processing treatment above 600°C, the
diffusional redistribution of vanadium contributed to the increase in the § phase. The increase in
lamellar-o and the a-GB thickness have been correlated to an increase in fracture resistance 13127,
While a direct relationship between strength and fracture toughness does not exist, grain
refinement, which increases strength, can limit crack growth resistance. Pairing the increase in the

softer B phase with the increase in a-lath thickness would result in a favorable increase in metal

ductility and improve resistance to plastic deformation.
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Figure 6-3: Summary of the microstructural characteristics of PBF-EB Ti6Al4V, as a
function of orientation and metal condition

Table 6-1 also summarizes the key microstructure features for each sample orientation. The
30% increase in a-lath thickness as a function of sample orientation was due to the melt area of
each sample during printing where the XZ/ZX samples had a much smaller melt area than the XY
samples. Similar orientation-dependent microstructure has been previously reported by Ghods et
al. 7, with a 25% increase in a-lath thickness in the horizontal orientation. Orientation-dependent
columnar grains remained unchanged after the LTHIP process. A change in prior  grain width as
a function of orientation was not observed, as the LTHIP treatment remained below the [ transus
temperature. Abu-Issa et al. ¥ observed similar trends in columnar grains after HIP below the B

transus temperature.

112



Table 6-1: The microstructure factors of each orientation and material condition.

a-lath thickness a-grain boundary

Type Orientation : width (um vol.%
b (um) thickness (um) b (m) b °
7ZX 1.1+0.1 1.6+0.6 42 £ 17 11+£2
Machined XZ 1.2+0.1 1.4+0.5 39+ 10 12+1
XY 1.6+0.2 2.1+£0.7 390+11 12+1
. 7ZX 1.4+0.1 1.9+£0.7 41 £ 15 15+£2
Machined +
XZ 1.4+0.1 2.0+£0.7 50+ 17 14+1
LTHIP
XY 1.7+0.2 22+0.6 43 +21 12+1

6.2.2 Internal Defect analysis

Figure 6-4 shows the reconstruction of the select fracture toughness samples in the as-built
and LTHIP conditions. The reconstruction was constructed with the 2D images layered to create a
3D body. The pCT images in Figure 6-4 highlight three observations. First, most defects in the as-
built condition are the spherical gas porosity, with diameters below colored in blue. Second, the
LTHIP application successfully reduced the number of defects, resulting in a nearly defect-free
metal. Lastly, while large and irregularly shaped lack-of-fusion (LOF) defects of Figure 6-5 were
not observed after LTHIP, a small number of spherical pores remained. Wang et al. ’® observed
gas entrapped within the powder can become entrapped during the melting process and cannot be
entirely removed during HIP, where porosity can collapse or shrink during the HIP process. While
a difference in grey-threshold indicated presence of internal defects, inspection of defects in the

LTHIP samples did not find any distinct internal defects within the reconstructed volume.
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As-Built LTHIP

Figure 6-4: The uCT reconstruction of the As-Built and LTHIP samples. The LTHIP process

showed a significant reduction in porosity and defect size.

porosity

Figure 6-5: The two types of internal defects (porosity and LOF) commonly found in metal AM,

Figure 6-6 summarizes the key defect characteristics as a function of diameter and
sphericity in the as-built and LTHIP conditions. A histogram of the defect diameters as a function
of the metal condition is also included, where the darkest regions consist of a larger number of
defects at that diameter. The following can be observed from the following figures. First, as the
defect diameter increases, the sphericity increases in both metal conditions. This is consistent with
findings by Tammas-Williams et al. 243, where the largest defects are often LOF defects with low
aspect ratio. Second, the decrease in median diameter from 0.15mm to <0.10mm is attributed to

the high-pressure LTHIP application. The largest diameters decreased from ~0.8 mm to 0.3 mm
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after LTHIP. This decline demonstrated the closure of the significant LOF defects commonly
found in untreated metal. As the defects were reduced to below the resolution of the scan, finer
resolution scans are necessary to capture internal defects after LTHIP accurately. However, the
LTHIP treatment was shown to be beneficial in reducing the number and size of defects within the

samples, especially the more critical LOF defects as shown in Figure 6-4 and Figure 6-6.
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Figure 6-6: The defect diameter trends versus the defect sphericity in the untreated and LTHIP conditions.
(b) The defect diameter distribution in the untreated and LTHIP conditions, with the darkest regions

indicating the largest concentration of defects.

6.2.3 Tensile Properties

Figure 6-7 shows the stress-strain curves as a function of metal condition and orientation.
The stress-stain responses were constructed by calculating the stress based on the instantaneous
area and strain from the change in area. Because of post-processing and orientation, three
experimental observations are implied in Figure 6-7. First, yield strength as a function of metal
condition is in a similar range, which is attributed to the low temperature post-processing
treatment. Second, there is a notable difference in the area under the stress-strain curve, denoting
the metal toughness with the LTHIP application. Increasing toughness is desired, enhancing the
material’s deformability and improving a metal’s fracture resistance. Lastly, the stress-strain curve

in each orientation after LTHIP becomes comparable.
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Figure 6-7: The stress-strain response of the PBF-EB Ti6Al4V as a function of metal condition

Table 6-2: Tensile mechanical properties of each orientation and material condition.

and sample orientation

. Ultimate . .
T Orientati Yield Strength Tensil Elongation  Strain Hardness
ype rientation ensile .
MPa % Hardenin HV
( ) Strength (UTS) %) g HY)
. Vertical 975 +£29 1111 £36 9.6+3.1 0.05 350+ 18

As-Built* .

Horizontal 997 £ 56 1124 £ 46 8.8+29 0.05 350+ 30
LTHIP Vertical 967+ 9 1028 £ 9 169+1.9 0.08 327+ 10

Horizontal 938+ 7 1023 +£ 13 13.4+2.1 0.07 326 £ 27
% Change Vertical -0.8 % -1.5% 76.0 % 60 % -6.6 %
with )

Horizontal -5.9% 9% 52.3 % 40 % -6.9 %
LTHIP
Published Vertical 868 £2.9 942 +£ 2.6 129+0.8
STHIP Horizontal 866 £ 6.4 959+ 8.2 13.6+£0.6

*The As-Built values are obtained from previous DOE study

Table 6-2 summarizes the tensile properties, strain hardening exponent, and hardness

values, including the % change in properties after LTHIP. The properties were obtained as a

function of the build orientation and metal condition. The metal ductility exhibited the largest

change after post processing. The PBF-EB Ti6Al4V ductility has been shown to be directly related

to internal defects, where a drastic increase in %el was a result of defect removal >*°. The YS and

UTS decreased as a function of post-processing. The ~5% decrease is attributed to the increase in

grain size, following the Hall-Petch relationship 2°° and the elimination of internal defects. While

there is a decrease in strength after the LTHIP treatment, the YS, UTS, and %el are all higher than
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the reported tensile properties after STHIP of Franchitti et al. 22°. A 7% decrease in hardness is
also observed with the LTHIP application, aligned with the decrease in yield strength. Similar
study by Tahri et al. ! reported 285 HV after STHIP treatment. Strain hardening increased as
function post-processing condition, which is attributed to the application of high pressure (200
MPa) during the HIP process. The high-pressure process plastically deforms the metal, leading to
a decrease in dislocation density and transformation of the dislocation patterns?*°. Such increase
in work hardening aids in the metal ability to limit dislocations and increase energy required for
deformation. Overall, the LTHIP treatment proved to be successful in increasing ductility while

maintaining the favorable high strength of PBF-EB Ti6Al4V compared to the STHIP treatment.

6.2.4 Fracture Toughness

Figure 6-8 shows the load-CMOD curves as a function of condition and crack orientation.
The load-CMOD response was constructed from the applied load based on the sample area and
the crack length measurements. It is important to note that the load-CMOD data provided are all
for samples in the 9-mm thickness and with the same pre-crack length for each orientation. The
fracture behavior in Figure 6-8 exhibits three experimental observations. First, the crack
orientation has a significant influence on the metal’s capacity for deformation, captured by the
area under the curve. Samples with a larger area under the load-displacement curve require more
energy to deform, resulting in higher fracture toughness values. Second, the LTHIP treatment
influenced fracture resistance, with an increase in energy absorption with post processing. Thirdly,
not all three orientations experienced the same increase in fracture resistance as a function of post-

processing, with the ZX orientation exhibiting the largest change in energy absorption.
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Figure 6-8: The load (P) vs. the crack mouth opening displacement (CMOD) graph for select 9 mm
samples in all three orientations in the untreated and LTHIP condition.

Table 6-3 includes the average fracture toughness values, Coefficient of Variation (CoV),
and % change in each metal condition as a function of crack orientation. The low-temperature,
high-pressure LTHIP treatment was found to have significant effect on plane-strain fracture
toughness, with an increase in average Kic from ~65 to ~74 MPa\m, higher than wrought annealed
and cast alloys %8. The CoV decreased by 4% with the reduction of internal defects and dislocations
after LTHIP. A lower CoV means less variation in the fracture toughness results and overall
improved repeatability, making it promising for adoption. For the LTHIP samples, thickness and
crack length dependent Kq values are reported, where the Ki./Kq ratio is within 2 — 6% 2. The
ratio less than 10% implies that while larger sample size is recommended for future experiments,

the values are within acceptable range of variation.
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Table 6-3: Summary of fracture toughness values obtained for each thickness

Type Orientation Ko (MPa\m) Ki. (MPavm) CoV % change
X 63.2+49 7.8

As-built XZ 63.3+5.2 8.2
XY 67.0+54 8.1
X 789+3.8 77.6+3.7 4.7 22.7%

LTHIP XZ 71.3+3.7 70.6 £ 2.7 3.8 11.5%
XY 77.4+£5.0 75.1+3.7 4.9 12.0 %
zZX B 92+6.9

Published XY 84

STHIP ZX ' 61.6 2.0
XZ 61.1+47
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Figure 6-9: The average fracture toughness as a function of orientation and metal condition

Figure 6-9 summarizes the average fracture toughness values as a function of post-processing. The
largest increase in fracture toughness was observed in the ZX orientation, where the Kjc values are
~23% higher after LTHIP. In contrast, the XZ and XY orientation reported ~12% increase in
fracture toughness after post-treatment. The overall improvement in fracture resistance with

LTHIP can be attributed to the combined changes in mechanical behavior, defects, and
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microstructure. The ductility and strain hardening exponent considerably improved with post-
processing, requiring more energy to deform the sample. Additionally, the LTHIP process
eliminated majority of defects, as seen in Figure 6-6, where crack growth resistance improved as
spherical pores, and the large and irregularly shaped LOF defects were minimized. The LTHIP
application in this study resulted in 12% higher fracture toughness than what Dzugan et al. reported
using a standard HIP treatment. Similar studies of processing PBF-EB Ti6Al4V using STHIP
treatment process has led to significant grain coarsening, mitigating any benefits STHIP had on
defect closure of the samples !*»°. This means that while the STHIP treatment was shown to
successfully reduce internal defects, the influence of a lower processing temperature on PBF-EB

Ti6Al4V can be more influential in enhancing fracture resistance while maintain YS and UTS.

6.2.5 Fractography

Figure 6-10 provides the fracture surfaces of select LTHIP specimens in the ZX, XZ and XY
orientations. The macro and micro-mechanisms of fracture behavior in the pre-crack, crack
propagation, and fracture region were evaluated using optical microscope, Keyence, and scanning
electron microscopes. Macroscopically, the fracture surface exhibited a thumbnail pre-crack,
brittle fracture surface in the center, with shear lips along the free surface. The shear lip area
remained consistent with each thickness and measured as follows in the LTHIP condition: 16.5%,
19.7%, and 23.3% is the XY, XZ, and ZX orientation respectively. The shear lip area increased by
5% in the XY orientation, 4% in the XZ, and only 2% in the ZX orientation compared to the
untreated samples. Shear lips forms when the specimen undergoes a state of stress triaxiality where

the center regions grows faster than the free surface.
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Figure 6-10: The fracture surface of the sample specimens in the ZX, XZ, and XY orientations. (a)
thumbnail pre-crack is observed, followed by the crack propagation region and shear lips along the edges
of the samples. (b) A 3D fracture surface map highlights orientation-dependent fracture surfaces. (c) The
crack path through the microstructure is provided. (d) notable micro-mechanisms of failure were observed
using SEM and are provided. Where the black arrows are regions of flat featureless quasi-brittle features,
the clear arrows signify approximately 50um and correspond to the prior § grain. Porosity and LOF were
not observed on the fracture surface.
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Microscopic features on the fracture surface were obtained using high magnification SEM
micrography. Fatigue striations were found in the pre-crack region of the fracture surface of Figure
6-11, providing evidence of fatigue crack growth from the notch as required per ASTM E399.
Crack propagation mechanisms ahead of the crack tip are shown in Figure 6-10. Unstable crack
growth starts to occur as the crack extends past the pre-crack region. In the unstable crack growth
region, both ductile and brittle micro-mechanisms of failure were observed. Ductile dimpling due
to micro-void coalescence compromise much of the fracture surface with sporadic smooth flat
features evident. The occasional quasi-cleaved facets formed from failure along slip planes.
Shallow secondary cracks perpendicular to the crack growth direction were observed on all the
fracture surfaces. The shallow micro-cracks were similarly observed when imaged from the side
of the samples. Notably, the micro-cracks were located between two columnar grains, as the crack
deflected towards the brittle a-GB, shown in Figure 6-10. Porosity and LOF defects were visible
on the untreated sample surface of Figure 6-11but not on the fracture surface of the LTHIP
samples. However, spherical features similar to porosity were observed on the LTHIP fracture
surface, with evidence of dimpling suggesting that the surfaces had bonded together during post-

processing.
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Spherical cracks

Figure 6-11: Common defects found on the fracture surface of the AB surface and after LTHIP
treatment.

While the samples had similar fracture features, orientation-dependent fracture
mechanisms were noted. Figure 6-10 highlights the following three observations. First, the ZX
oriented samples exhibited the largest shear lip area in all thicknesses and the roughest surface,
followed by XZ and XY orientations. The ZX oriented fracture surface in Figure 6-10 revealed a
rougher surface finish, which supports the more tortuous crack path as travels through the prior-f8
grains. The XZ samples also exhibited long ridges that radiated from the pre-crack regions in the
crack growth direction. The XY fracture surface had the smoothest and flattest fracture surface
compared to the other two orientations. The samples also had the smallest shear lip area, with
many of the samples only forming a shear lip along one free surface. In contrast, the XZ orientation

which had the lowest fracture toughness, exhibited a much smoother fracture surface.
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Second, there was distinct difference in crack path preference through the microstructure
between the three orientations. The metal AM microstructure exhibits anisotropic grains due to the
repetitive rapid heating and cooling which promotes growth of the columnar grain with each added
layer. Microscopic images of the ZX orientation showed the crack path travelled through
basketweave microstructure in the columnar prior-f grain. In contrast, the XY and XZ exhibited
transgranular and intergranular crack path where the crack traveled both through and along the
prior-B grains. There is an increase in crack tortuosity as the crack propagates through the prior 3
grain through the o +  basketweave microstructure thus increasing crack resistance, crack with
preferential growth along the prior-P grain would yield decreased fracture resistance. However, it
would be expected that the XY and XZ orientations would therefore yield similar fracture
toughness values, which was not the case. One possibility for the XY orientation reporting higher
fracture toughness could be due to the increase in grain boundaries in the crack path. As the crack
propagates in the XY samples, it comes upon many more columnar grains. More energy is needed
to deflect or go through the grain itself, thus increasing the crack growth resistance. As a result,
crack path preference due to the crack orientation contributed significantly to variation in the
fracture toughness.

Lastly, while an overall increase in fracture toughness was observed in the three
orientations, the increase was not uniform. The ZX and XY orientations reported comparable
fracture toughness values after LTHIP, with the XZ orientation the lowest fracture toughness. The
microstructure and internal defects most likely contributed to this difference. With the coarsening
of the a-phase, the crack growth resistance in the XZ orientation would decrease, limiting increase
in the fracture toughness. Additionally, the closure of the LOF defects further contributes to the
orientation-specific increase after LTHIP. While some small pores were observed in the alloy after
post-processing, the large and irregularly shaped LOF defects were removed. While reduction in
porosity probably contributed to some increase in fracture toughness in the XZ and XY orientation,
LOF defect removal would have the most significant effect on the ZX orientation. In the ZX
orientation, the LOF defects would be oriented perpendicular to the load direction, acting as a large
stress concentration. As a result, the largest increase (16%) in fracture toughness after post-

processing was the ZX orientation.
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6.2.6 Effect of Build Design

Table 6-4 provides the four-way ANOV A statistics results, including the significance value
of each intra-build design factor and its contribution to overall variation in the model. First, the
model found the build design factors (crack-orientation, sample thickness, and spatial location) to
be significant using a four-way ANOV A statistical analysis of the LTHIP Ti6Al4V metal. Second,
crack orientation had the most significant contribution (~50%) to the variation in the LTHIP metal.
The crack path interaction with the columnar grains has the largest effect on the orientation-
dependent fracture toughness. Lastly, the build design parameters accounted for the remaining
variation in the model, with height (37%) and thickness (12%) design parameters having the largest
influence.

Table 6-4: The ANOVA results of the DOE model in the LTHIP condition

Source Contribution Sum of Squares df Mean Square F-value p-value
Model 509.54 6 8492 117.63  <0.0001
Thickness 12.4 % 62.41 1 6241 86.45 <0.0001
Radial Distance 0.7 % 3.51 1 3.51 4.86 0.0388
Height 37.0 % 185.61 1 185.61 257.10  <0.0001
Orientation 49.1 % 246.24 2 123.12 170.54  <0.0001
Height? 0.6 % 3.44 1 344 4.76 0.0406
Factor Contribution
Factor
AsBuilt - 24.6% 12.6% 58.7% 3.9% Thickness
Height
Radial Distance
HIP-4% 49.1% 0.7% 37.0% 12.4% Orientation
. : . . . N HH
0 20 40 60 80 100

% Contribution

Figure 6-12: The contribution of intra-build design factors in the untreated and LTHIP metal

The contribution of each factor on fracture toughness in the untreated metal was previously
examined in * and is compared to the LTHIP metal in Figure 6-12. The relationship between
fracture toughness and each build design parameter in the ZX orientation is provided in Figure
6-13, for each metal condition. Figure 6-12 and Figure 6-13 provide the three following
observations. First, height and orientation were the two largest contributors to fracture toughness

variation in both the untreated and the LTHIP metal. Second, the effect of radial distance was
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reduced from ~13% to <1% in the LTHIP condition. Lastly, the build design parameters had

similar effects on fracture toughness in the untreated and the post-processed condition.
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Figure 6-13: The relationship between fracture toughness and the intra-build design parameters as
a function of metal condition in the ZX orientation

The intra-build design parameters were found to significantly influence the grain size in
both the untreated samples previously, 4*.While the low-temperature HIP treatment improved
fracture resistance, the fundamental microstructure and anisotropy remained, contributing to
orientation-dependent and scatter in the fracture toughness properties. The ANOVA analysis
showed trends due the intra-build design parameters were similar in both the untreated and post-
processed condition. In essence, while LTHIP increased the fracture toughness, the intra-build
design parameters left a lasting mark on the microstructure which was not changed with LTHIP.
The complex thermal gradient from the decrease in cooling rate with the addition of each layer
and prolonged PBF-EB cooldown to contribute to variation in the microstructure. This thermal
gradient also influences the mechanical properties. Therefore, macro- and microstructure both play
critical roles in crack growth behavior. As a result, while the LTHIP process was shown to be
promising treatment in enhancing the fracture resistance of PBF-EB Ti6Al4V, the PBF-EB
manufacturing process resulted in build dependent fracture toughness properties. The build
orientation was shown to dictate the crack growth behavior should be the initial design

consideration when manufacturing for end-use production. Furthermore, the following study also
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shows engineers should consider the influence of geometry and build design for fabricating

repeatable and reliable components.
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7 Fatigue Performance: As-Built and Post-processing

effects

7.1 Introduction

For the adoption of AM components, material reliability and structural integrity are
essential to ascertain their performance in realistic loading scenarios. While the tensile property
research has been necessary for creating a foundational understanding of how PBF-EB Ti6Al4V,
fatigue behavior is necessary for understanding the structural integrity. In general, the fatigue
behavior of metal alloys is dependent on the surface finish and internal defects, where the wide
range of variability due to the build space poses a risk in applications where material performance
must be predictable and reliable. Hence, the motivation leading to this research study. This
research is needed to address the variability and reliability concerns associated with metal AM,
specifically in terms of high cycle fatigue in PBF-EB Ti6Al4V. By improving understanding of
the foundational aspects of the AM process, build design, and post-processing impacts the
structural integrity and durability, this research will provide insight needed to advance AM into a

viable option for high-performance, safety-critical applications.

7.2 Results

The results section is organized to establish the essential findings for understanding the fatigue
behavior of PBF-EB Ti6Al4V in different metal and surface conditions. The metal quality, surface
characteristics, mechanical properties, and the high cycle fatigue properties are reported and
discussed. In addition to evaluating the influence of post-processing, the sources of variation due
to the build design are explored and discussed. The final section utilizes a fracture-mechanics

based approach to aid in predicting the overall fatigue behavior.

7.2.1 Surface Roughness

The 3D surface morphology is provided in Figure 7-1 as a function of metal and surface condition.
The topography was obtained to better understand the features influencing mechanical properties.
The rough surface and partially fused powder particles evident in the As-Built condition was

removed with machining. Small defects were observed in the machined samples that underwent a
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LTHIP treatment. Lastly, SP samples exhibited a deformed surface due to the shot peening process.
However quantitative analysis was required to fully understand the influence of surface roughness.

Figure 7-1 shows the roughness profile as a function of metal condition. The roughness
profiles were obtained from a line scan and provides a 2D view of the surface. The As-Built surface
exhibited the largest peaks and valleys compared to the other surface conditions. The overall
roughness improved with machining, with recurring valleys representative of the machining
process. However, after a subsequent LTHIP treatment, very sharp deep valleys formed on the
surface. The sharp valleys were not observed on the Machined + SP samples, with the surface
exhibiting wave-like features.

Table 7-1 summarizes the surface roughness parameters including: the average surface
roughness values (R.), ten-point height (R;), root mean square (Rq), maximum valley to peak
height (Ry), skewness (Rsk), kurtosis (Rku), and maximum valley depth (Ry). The surface roughness
characteristics were obtained as a function of surface and metal condition. The PBF-EB surface
decreased from ~20 um in the as-built to 0.2 - 1 pm with machining 2 mm from the external
surface. While many PBF-EB studies report the R, and R, values, the other surface parameters
have been shown to be beneficial in predicting the fatigue properties. The maximum peak to valley,
root mean square, and maximum valley depth were all shown to decrease significantly with
machining. The samples that were machined were fabricated as cylinders with an extra 2 mm,

where both the surface and subsurface defects would be removed with machining.
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Figure 7-1: The 2D surface roughness profile in each sample. Note the difference in scale.
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The decrease in Ry, Ry, and Ry indicate a decrease of features which may act as surface
notches. The negative Ry values indicate the surface is made up of valleys primarily, where the
machined and machined + LTHIP samples had the lowest skewness, with an increase in skewness
after the LTHIP treatment. However, it is important to note the significant increase in the scatter
in data after the LTHIP treatment indicating a large range of valleys adorning the surface. Lastly,
while shot peening increased the R. and R; values, the skewness and the standard deviation
decreased compared to the machined and Machined+LTHIP samples. The decrease in average and
range of skewness implies the surface symmetry increased with shot peening.

The Arola-Ramulu (AR) Model>>* (Eq. 7-1) was developed to estimate the stress
concentration factor using the surface roughness parameters. The AR Model calculates the stress
concentration factor K, using multiple surface characteristics and the effective profile valley radius
(p). The correction factor n accounts for any material dependencies on load type, where n = 2 for
uniform tension, and n = 1 for shear loads. Mojib et al.>>* previously found the AR Model can be
used to determine the stress concentration of the as-fabricated surface, reporting between 3 and 6.
However, as the surface roughness parameters decrease with surface treatment, the stress
concentration factor would also decrease for a given surface defect.

K.,=1+n (%“) (i—:) Equation 7-1

Table 7-1: Surface roughness characteristics in each condition

Parameter As-Built STHIP Machined Machined + Machined +  Machined -+
LTHIP SP LTHIP + SP
Ra (um) 244+5.6 21.2+2.83 0.15+0.10 0.22+0.10 1.15+£0.13 0.97+0.14
R; (um) 168.5 £48.5 101.9+12.0 0.68+0.08 1.94+0.58 6.28+1.05 5.42+0.71
Rq (um) 25325 259+47 0.17+0.01 0.32+£0.10 1.46+0.18 1.22+0.164
R¢ (um) 107.6 £ 14.3 122.6+19.8 11.69+ 1.48 10.17+£2.37 7.92+0.86 10.78+3.42
Ry (um)  -0.1+0.10 0.05+0.24 -1.48 +£0.11 -2.66+£248 -0.26+0.19 -0.39+0.31
Riw (pm) 2.9+043 2.5+0.18 2.79 £ 0.63 3.20+£0.39 317+£0.19  2.89+0.20
Rv (um) 56.5+7.8 574+163 5.64+0.59 3.12+0.59 298+0.31 3.89+1.11
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7.2.2 Internal Defect Analysis

Figure 7-2 shows the uCT reconstruction of the HCF PBF-EB Ti6Al4V samples in the
Machined and LTHIP condition prior to testing. Non-destructive testing permits evaluation of the
metal quality without destroying the samples. The reconstructed samples show three key features
of the PBF-EB metal in the untreated and post-processed condition. The untreated metal in
horizontal orientation in Figure 7-2 shows the presence of randomly spaced spherical porosity due
to trapped gas and irregularly shaped LOF defects which often formed due to insufficient
consolidation between two layers. The shape and high aspect ratio of the LOF defects was distinct
from the spherical gas pores, which when perpendicular to the build direction can be detrimental
to mechanical performance. The large and irregular shape of LOF defects lead to high local stresses
under cyclic loading, in addition to reducing the load-bearing area of the sample. Together, the
large source of stress concentration in the metal leads to premature failure under cyclic loading.
Porosity or LOF defects were not observed in the LTHIP metal shown in Figure 7-2, where a
uniform metal was observed. Lastly, small spherical defects were observed on the LTHIP sample’s
free surface corresponding to the sharp valleys recorded during surface profilometry. However,

similar surface defects were not observed on the Machined surface.
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Machined Machined + LTHIP

7 porosity

l

Figure 7-2: The 3D reconstruction of the surface and the internal view of the As-Built and HIP samples.
Porosity and LOF defects are observed in the As-Built condition, while surface machining has removed
any existing surface defects. Porosity and LOF defects are not observed in the HIP bulk material,

however, surface porosity was observed.

Figure 7-3 summarizes the defect trends as a function of diameter and sphericity in the as-
printed and LTHIP condition. The defect diameter was calculated based on a sphere of the same
volume while the sphericity was the ratio of the 3D objects surface area to the surface area of a
sphere of the same volume. For spherical pores, sphericity will be closer to 1, however, as the
object becomes more irregular, its surface area will increase resulting in a lower sphericity. The
defect size and shape trends in Figure 7-3 indicate the three following observations. First, the

defect size ranged from 50 um to 600 um, with most defects below 250 um and above 0.5
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sphericity. While defects smaller than 50 um could be present, the scan was limited by the
resolution size. It has been shown that although small gas porosity defects exist, the initiating
defects will most likely be large irregularly shaped defects 8128, The diameter and shape of the
defects were of utmost interest and are provided in Figure 7-3. Second, the defects with the largest
diameter had the lowest sphericity, corresponding to the irregularly shaped LOF defects. Lastly,
with the LTHIP treatment, the number of the defects decreased drastically, with the full removal
of the irregularly shaped LOF defects. While post-analysis inspection of the reconstruction did not
observe defects in the LTHIP metal, the pCT thresholding did pick up on high probability regions
of internal defects where the metal may not have fully closed. However, those defects were not
observed with manual inspection of the data. Furthermore, it is important to note that the software
is unable to recognize surface defects due to software limitations. As such, any defects attached to

the surface were excluded in the pCT data analysis.
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Figure 7-3: The overall defect diameter trends in the as-built and HIP samples. (a) the defect diameter

vs. sphericity, where the largest defects are those with the least spherical shapes.

7.2.3 Tensile Properties

Table 7-2 summarizes the static mechanical properties in each metal condition, surface,
and orientation, including the yield strength (YS), ultimate tensile strength (UTS), elongation
(%el), strain hardening, and hardness. The As-Built, Machined, and LTHIP values are reported
from the previous chapter, and compared to the tensile properties after STHIP treatment. While

the YS and UTS remained similar, a 50% increase in ductility was observed with STHIP
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application. The unchanged strength was comparable to findings by 2%, but lower than properties
reported by % which was associated with the as-fabricated surface finish. The small difference in
strength was due to the surface defects acting as a source of crack initiation. However, the
significant increase in ductility was due to the increase in metal density. There was a strong
correlation between internal defects and ductility, with a decrease in ductility with increase in pore

size and volume %7

. As a result, while a change in YS and UTS was not observed, the closure of
internal defects after STHIP contributed to the increase in ductility.

The YS, UTS, strain hardening, and hardness increased by 15%, 20%, 25%, and 23% with
the removal of the as-fabricated surface. Similar increase was reported by Schur et al. >, which
was due to the removal of the irregular surface defects formed during the printing process.
However, with an application of STHIP and machining, studies have found a drop in tensile
properties, where the microstructural coarsening often outweighs the benefits of the improved
ductility 2°. In contrast, with the application of LTHIP and machining, the Y'S and UTS of the PBF-
EB Ti6Al4V remained comparable to wrought alloys 2!, in addition to the slight improvement in
strain hardening and %elongation. The increase in strain hardening and improved ductility was
attributed to the closure of internal defects with the high-pressure HIP process. While the process
temperature below B-transus limit microstructural changes !'7. As a result, the LTHIP treatment
was successful in increasing the metal ductility while maintaining the favorable high strength of

the PBF-EB Ti6Al4V.

Table 7-2: Mechanical properties in each condition

Yield Strength  Ultimate Tensile Elongation Strain
Type Orientation
(MPa) Strength (UTS) (%) Hardening

As-Built Vertical 840 960 9 0.03
STHIP Vertical 852+ 8 922+9 153+1.9 0.04
Vertical 975 1122 10 0.05

Machined
Horizontal 972 1100 10 0.05
Machined + Vertical 967+9 1028 +9 169+1.9 0.08
LTHIP Horizontal 938 +7 1023 £ 13 13.4+2.1 0.07

7.2.4 High Cycle Fatigue

The following section will discuss the various factors influencing PBF-EB fatigue

performance. Experimental analysis of PBF-EB in the as-fabricated, surface-treated, and heat-
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treated condition are evaluated. Additionally, a modified LTHIP treatment is explored. Lastly, the

section will include a discussion of additional source of variation in PBF-EB HCF.

7.2.4.1 Overall Post-Processing

Figure 7-4 shows the stress-life curves of untreated and post-processed PBF-EB Ti6Al4V
as a function of surface and metal condition. The stress-life curves were determined through fitting
the experimental data to the Basquin equation for each metal condition and overlayed on published
fatigue behavior of AM, wrought, and cast Grade 5 Ti6Al4V %% 121189 The fatigue life curves
Figure 7-4 implies three experimental observations. First, the AB PBF-EB fatigue behavior was
significantly low, exhibiting fatigue life 30% below those of wrought and cast Ti6Al4V properties.
Alternatively, through removal and refinement of the as-printed surface, fatigue life comparable

to wrought and cast alloys was achieved.
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Figure 7-4: Fatigue stress-life curve of the PBF-EB Ti6Al4V in the Vertical orientation as a
function of surface and metal condition, where the data was used to obtain the Basquin curve.
7.2.4.2 HIP Effects

The following sections will provide further insight on the advantages and the limitations of the

STHIP and LTHIP process. The samples which underwent STHIP only exhibited the same fatigue
behavior as the As-Built samples. With the STHIP treatment, the fatigue limit was roughly
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200MPa, and comparable to the untreated condition. Comparing the LTHIP + Machined to the
Machined-only samples also exhibits a difference in fatigue strength. The fatigue limit decreased

from ~400MPa to 300MPa with an application of the LTHIP treatment.

7.2.4.3 Machining Effects

Post-processing significantly enhanced the PBF-EB fatigue life but heavily depended on the
surface condition. Fatigue limit increased from 200 MPa in the AB condition to 400 MPa with the
machining application. Machining had the largest increase in fatigue behavior, with the removal
of the rough as-built surface. A difference in fatigue performance is observed in the machined
samples, depending on the metal condition, for example, if the metal underwent an LTHIP

condition.

7.2.4.4 Shot Peening Effects

Shot peening had the most significant enhancement in fatigue strength, yielding endurance limit
up to 400 MPa. Not only did the shot peened samples outperform the as-built and LTHIP samples,
a reduction in scatter in properties is observed. Furthermore, the SP+LTHIP samples and the SP-
only samples performed similarly, exceeding fatigue strengths compared to the machined-only
samples. In essence, regardless of presence of internal defects, the as-printed surface remained

detrimental to the fatigue life of PBF-EB Ti6AI4V.

7.2.4.5 Anisotropy

While the surface finish had the most significant influence on the fatigue behavior of PBF-
EB Ti6Al4V, further investigation was necessary for understanding factors influencing scatter in
the fatigue behavior. The influence of the print orientation on the fatigue behavior of the PBF-EB
Ti6Al4V is shown in Figure 7-5. Overall, the horizontal orientation survived longer than the
vertical orientation, with the largest variation in the untreated condition. With an additional
application of shot peening, the orientation-dependent fatigue behavior was nearly eliminated.
Effectively, the comparable fatigue properties in the two orientations after the shot peening
application means that with surface and heat treatment, the largest sources of variation (surface
finish, orientation, internal defects) could be reduced. The remaining variation in the properties of
the PBF-EB manufactured Ti6Al4V samples pointed toward the underlying effects of the

manufacturing process.
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Figure 7-5: The fatigue life of as-built PBF-EB Ti6Al4V specimens, in the horizontal and vertical

orientations

7.2.5 Fractography

Fractography of the fractured samples provides insight into the defects leading to failure.
In the As-Built samples, the common defects including porosity and LOF defects are observed, as
shown in Figure 7-6. The internal defects were not commonly observed after the STHIP treatment.
However, the rough surface finish was observed in both the As-Built and STHIP condition, as

shown in Figure 7-6 and Figure 7-7.

(b) (c)
Figure 7-6: SEM Fractography of the common defects found on the As-Built and STHIP

samples including (a) gas porosity, (b) LOF, and (c) surface defects.
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Figure 7-7: The rough surface exterior of PBF-EB components composed of partially
melted

Fractography was performed after sample fracture using optical and scanning electron
microscopes. A typical fatigue fracture surface exhibits three distinct regions: the source of crack
initiation, the area of crack propagation and the area of final fracture. Typically, lines are found
radiating away from the crack initiation source until it reached a flat fracture region as the crack
grows, until the final fracture, where shear lips and ductile dimpling are observed. In the initital
regions of crack initiation, fatigue striations, which are evidence of fatigue failure are often
observed. These striations were observed in both the As-Built and STHIP samples shown in Figure
7-8. The samples in this study exhibited the three typical fatigue nucleation sources: surface,
subsurface, and internal defects. The following section is organized by the surface condition of the
fatigue samples. Additional features of interest regarding the specimen surface and internal defect

are provided and discussed.
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(b)
Figure 7-8: Fractography of the striations on the (a) As-Built and the (b) As-Built + STHIP samples. The

images were obtained close to the crack nucleation sites.

Figure 7-9 provides the optical and SEM fractography of the As-Built and STHIP samples
with the as-fabricated surface. While spherical gas porosity and LOF defects were only observed
on the fracture surface of the untreated sample, fatigue cracks nucleated from the external surface
in both the untreated and STHIP samples. The irregular external surface comprised of partially
molten powder particle and sharp notch-like features formed during the PBF-EB process, resulting

in multiple crack initiation sites in the samples.

(b)

Figure 7-9: Fractography of the samples after fatigue failure. The arrows indicate the location of

crack initiation in the (a) As-Built and the (b) As-Built + STHIP samples. Multiple crack initiation

regions were often observed on samples.
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The fracture surface after fatigue failure of the horizontally oriented samples in the
machined condition is provided in Figure 7-10. Three observations can be made regarding the
figure. First, there is a fisheye or circular crack pattern which appears when the crack nucleates
from an internal defect. Additionally, the internal circular crack growth is more often observed
during high cycle fatigue. Secondly, there are additional sources of cracks nucleating from the
surface, as denoted by the black arrow. Lastly, porosity and LOF defects are observed on the

fractur surface, with the LOF defects exhibiting a long and thin shape.

(a) (b)
Figure 7-10: The fracture surface of the horizontal machined HCF samples. (a) The fracture surface of
the horizontally oriented samples in the untreated condition is shown, highlighting the region of crack
initiation and propagation. (b) a higher magnification of the porosity and LOF defects. The clear arrow
points out the source of crack initiation, with the solid white arrow the LOF defect and the black/clear
arrow porosity defects.
Evidence of fatigue was observed on the Horizontal orientation, in both the machined and
Machined+LTHIP condition, as seen in Figure 7-11. The fatigue striations are marks on the

fracture surface resulting from the incremental growth of the fatigue crack. The fatigue striations

observed in the horizontal orientation are evidence of fatigue crack growth.
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Figure 7-11: The fatigue striations of the horizontal machined and Machined+LTHIP HCF samples.

Figure 7-12 shows fracture surfaces of machined samples. Internal porosity and LOF
defects were observed on the fracture surface of the horizontal HCF samples. With the removal of
the rough surface exterior, cracks nucleated from surface, subsurface, and internal defects, highly
depending on the applied load. Porosity and LOF defects were the main sources of internal crack
initiation, with located randomly on the fracture surface of the horizontally orientated samples. As
the maximum applied stress decreases, cracks often nucleated from internal defects, such as the
penny-shaped region seen in Figure 7-12. The fracture surface exhibited cracks radiating from the
crack initiation region as cracks propagated outward. In addition to the crack radiating, an
additional set of cracks running parallel to each other were observed roughly 50 um intervals,

irrespective of the crack propagation direction.
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(b) (©)

Figure 7-12: The fracture surface of the horizontal machined HCF samples. The clear arrow points out

the source of crack initiation, with the solid white arrow the LOF defect and the black/clear arrow
porosity defects. (a) higher magnification image of the source of crack initiation. (b) the low
magnification and (c) high magnification images of the microcrack formed perpendicular to the crack
growth direction and parallel to the build direction.

Figure 7-13 shows the fracture surface of samples with a LTHIP treatment as a function of
build orientation. The LTHIP treatment was successful in removing internal defects, where

porosity and LOF defects were not observed on the fracture surface. The subsurface defects located

200um from the surface with pCT were similarly observed with high-magnification imaging and
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profilometry. The sharp notch-like defects on the surface of the samples were a result of the high-

pressure LTHIP process deforming preexisting subsurface defects below the external surface.

©

Figure 7-13: Optical fractography of the (a) Vertical and (b) Horizontal orientation. The arrows indicate the location

of crack initiation. Multiple crack initiation regions were often observed on samples, as seen on the (b). (c) sharp

surface notches formed from subsurface defects deforming during the LTHIP process.
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High magnification images of the source of crack nucleation in the shot peened samples is
shown in Figure 7-14. Internal defects contributed to the internal crack initiation observed in the
Machined+Shot peened samples. Cracks are observed to radiate outward as the crack propgated
and grew larger until fracture occurred. Fatigue striations were observed on the fracture surface of

the shot peened samples, evidence of fatigue crack growth, shown in Figure 7-14.
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(a) Horizontal Machined + SP (b) Horizontal Machined + SP Striations
Figure 7-14: SEM fractography of the LTHIP+SP samples after fatigue failure. (a) the crack origin due
to internal defects with crack propagating radially out. And (b) the striations observed near the crack
initiation region.
Figure 7-15 shows low magnification fatigue fracture surfaces of the shot peened samples.
While LOF and porosity defects were only observed on the Machined + SP samples, the samples
in both conditions often failed due to subsurface and internal features. The cracks running parallel
found in the horizontal orientation of Figure 7-12 were also observed in the horizontally oriented

SP samples. These features were not observed on the vertical shot peened samples.
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(a) Horizontal LTHIP + SP (b) Vertical LTHIP + SP
Figure 7-15: Optical fractography of the samples after fatigue failure. The arrows indicate the location
of crack initiation.
The location of crack initiation was compiled for all the samples after final fracture. Many
samples exhibited multiple regions of crack initiation, such as the sample shown in Figure 7-16.
The source of crack initiation which exhibited the largest crack growth region was used to compile

the crack nucleation site which resulted in the largest influence on fatigue failure.
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Figure 7-16: SEM fractography of the Machined samples after fatigue failure, where a smaller crack
propagated from the external surface while it was not the main crack nucleation. Porosity and LOF

defects observed on the fracture surface located randomly.
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The critical defect size of select samples was images and calculated according to the VArea
parameter model originally developed by Murakami et al. 256 The VArea is the equivalent defect

size and the results are provided Appendix C - Murakami Defect Area.

Det WD HFW
SE 14.2 mm 1.6 mm

(b) Machined

50 um

(c ) Machined + SP
Figure 7-17: SEM fractography of the crack nucleation sites on the (a) LTHIP, (b) Machined, (c ) SP

samples, where the critical defect is outlined and calculated after fatigue failure.
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7.2.6 Fatigue Life Variation

To better understand the variation in the fatigue life of PBF-EB Ti6AI4V. Plotting the experimental
fatigue cycles versus the predicted cycles as calculated from the Basquin equation is plotted in
Figure 7-18. All samples were tested at R=0.1. However, a large variation in fatigue performance
exists, where the Basquin equation by itself in not able to accurately predict the fatigue behavior,

compared to the experimental results.
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Figure 7-18: The predicted versus the experimental fatigue life (R=0.1), where the predicted values

are calculated using the Basquin equation.

To better predict the fatigue behavior of the PBF-EB Ti6Al4V, a Theoretical Fatigue Stress
Limit was established by Murakami et al. 2>%. A correlation between the Theoretical Fatigue Stress
Limit of Equation 7-2 and hardness in steels has shown to be applicable to wrought titanium alloys
256 for hardness up to 400 HV

oy = 1.6 HV £+ 0.1HV Equation 7-2

where HV is the Vickers hardness and o, is the ideal fatigue limit. The following equation was
compared to the experimental findings of this study. The theoretical fatigue limit is calculated
using Equation 7-1 and summarized in Table 7-3. However, comparing the ratio between the stress

amplitude and the calculated theoretical fatigue life fall short of the experimental results, where a
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ratio of 1.0 is desired. As such, using the hardness values alone is underestimated the fatigue

behavior of PBF-EB Ti6Al4V.
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Figure 7-19: The ratio between the stress amplitude and the Theoretical Fatigue Stress versus the
experimental fatigue life. The predicted values obtained using Equation 7-2.

Samples under fatigue loading are sensitive to internal defects. Therefore, an Ideal Fatigue
Limit was determined using the critical defects, the source of crack initiation, in addition to the
hardness shown in of Equation 7-3. As a result, the internal defects were considered, in addition
to the bulk properties. The VArea parameter model was originally developed for steels and has

been further adopted in evaluating the influence of defect size in Ti6AI4V?¢

o, =Y w Equation 7-3

Area®

where \Area is the equivalent defect size, and Y is 1.43 for surface defects, 1.41 for subsurface
defects, and 1.56 for internal defects per Murakami et al.?>°, This means, internal defects result in
a higher fatigue limit given the same microstructure compared to a similarly sized defect located
at the surface or subsurface. The VArea was estimated from the size of the critical defect at the
fracture origin of select samples, using the process outlined by Murakami et al. 25 and shown in
Figure 7-17. Through incorporating hardness and the critical defect size, a more realistic cycles to

failure was calculated for the samples shown in Figure 7-20 for the experimental findings in this
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study. However, the fatigue behavior at the lower stresses in the as-fabricated surface were
underestimated by 50%. Furthermore, the shot peened samples are overestimated using the Ideal

Fatigue Stress of Equation 7-3.
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Figure 7-20: The ratio between the stress amplitude and the Ideal Fatigue Stress versus the
experimental fatigue life. The predicted values are obtained using Equation 7-3.

A change in fatigue life was observed with the change in the surface treatment, where the
surface roughness characteristics may play a role in the fatigue resistance. As a result, the surface
roughness parameters Ra, Ry, and R, were plotted and compared to the cycles to failure in the as-
fabricated, Machined, and shot peened condition. The experimental cycle to failure is plotted
versus the average surface roughness, Ra, and the ten-point roughness R in the STHIP condition
in Figure 7-21. While some scatter exists in the cycles to failure, there are distinct clusters of
samples according to the stress level. So even though there is a wide range of Ra and R values
reported, the average cycles to failure are similar. However, as the stress decreases to 200MPa,
there is a larger variation in cycles to failure, with a 15% increase in variation in fatigue life.
Additionally, as the maximum applied stress is decreased, a downward trend in roughness is
observed. As the Ra and R; decrease, the cycle to failure appears to decrease, especially at the
200MPa stress level. As the R, value decreased below 100um, samples at the 300MPa level were
able to survive until 10° cycles to failure, even though similar R, values were reported for similar

samples at that stress levels which failed at 10° cycles.
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Figure 7-21: The relationship between the (a) average surface roughness (R.) and (b) 10-point roughness

(R,) with respect to cycles to failure in the STHIP condition.

With a machining application, there is a significant reduction in the R. and R, values and
the range of values shown in Figure 7-22. There is also a significant increase in the cycles to failure
of up to 107 cycles, which was not observed in the STHIP condition. One key observation
compared to Figure 7-21 is the increase in scatter in the cycles to failure, where there is overlap
between the different stress levels. There is a notable increase in scatter (140%) in cycles to failure,
as the max applied stress decreases from 600MPa to 400MPa. The samples which survived the
longest appeared to have the lowest R, values below 4 pm at the 300-400MPa stress levels. For
samples with R, higher than 4 pm, the samples failed prior to 10° cycles. While a large source of
scatter exists in the surface roughness parameters at the higher stress levels, the cycles to failure

exhibited a smaller range.
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Figure 7-22: The relationship between the (a) average surface roughness (R.) and (b) 10-point roughness
(R,) with respect to cycles to failure in the Machined + LTHIP condition.

Lastly, comparing the R. and R to the cycles to failure in the shot peened samples in Figure
7-23. The overall range in the surface roughness Ra and R; values decreases in the shot peened
condition, compared to the machined surface, with a decrease in the overall R, values and overall
range of values reported. The samples are observed to be in distinct clusters, separated by the stress
level. Overall, the shot peening application decreases the overall range of R, values reported, with
the samples surviving past 10° cycles having R, values less than 4 pm. This is like the trends
observed in the Machined+LTHIP samples shown in Figure 7-22. Similar to the previous

observations, the lowest R, and R; also exhibit the longest cycles to failure.
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Figure 7-23: The relationship between the (a) average surface roughness (R.) and (b) 10-point roughness

(R,) with respect to cycles to failure in the Machined+LTHIP+SP condition.

The cycles to failure versus the maximum valley depth (Ry) is also provide in Figure 7-24.
The samples in the STHIP condition are observed to be in distinct clusters, with a large range in
Ry values reported, similar to Figure 7-21. With the machining application, there is an increase in
the overall scatter in the Ry values, with significant overlap in cycles to failure in the various
applied stresses. This overlap is also observed in the shot peened surfaces. The overall Ry values
in the surface treated samples was below 4 um, with the lowest Ry values exhibiting some of the

higher cycles to failure.
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Combining the factors which influence the fatigue limit in addition to the surface
characteristics, a prediction model was obtained. Incorporating the hardness, critical defect size,
and surface roughness into model resulted in a linear regression equation used predict the fatigue
life of samples, with an R? value of 0.782 and adjusted R? of 0.762, details provided in Appendix
C - HCF Regression Equations, which resulted in the following equation termed the Regression

Fatigue Life
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3.220
Nf — 10—17.525 0.—5.320 T2'161HV11'978 /Area RZ3-007RU—4-297 Equation 7-4

where Ny is the cycles to failure, o is the maximum stress, 7 is the thickness, Rz is the ten-point
height, and R, is the maximum valley depth. Through including the surface roughness parameters
for valleys and overall surface height difference, surface imperfections can be taken into
consideration. Initially, the experimental fatigue behavior obtain in this study was plotted versus
the fatigue life obtained from the Basquin equation in Figure 7-18. However, as it was observed,
there was little correlation between the predicted and experimental fatigue behavior, using the
Basquin equation alone. However, when the Basquin equation was expanded to include the metal
hardness, thickness, critical defect size, and surface roughness parameter as seen in Equation 7-4,
an improved correlation was obtained. Therefore, as research moves toward predicting the PBF-
EB fatigue strength, it is pertinent to fully consider the process-induced attributes which influence
the metal performance. Furthermore, through a holistic evaluation of the metal, we were able to

obtain a prediction equation which can be used to approximate the fatigue strength of PBF-EB

Ti6Al4V.
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Figure 7-25: The regression equation comprised of the metal quality, surface roughness, and

internal defects.

To compare which of the methods discussed can appropriately predict the endurance limit

of PBF-EB Ti6Al4V, the Theoretical, Ideal Fatigue Stress, and the Regression Fatigue Life was
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calculated using Equation 7-2, Equation 7-3, and Equation 7-4. The summary of the fatigue limit
using these equations is provided in Table 7-3. The Experimental Fatigue Limit is the stress as
which the sample achieved runout or survived up to 107 cycles without fracture, per the finding of
this study. The results of Table 7-3 show the Theoretical Fatigue equation utilizing the hardness
alone overestimates the fatigue endurance for PBF-EB Ti6Al4V and is not able to appropriate
capture the influence of shot peening on fatigue life. This was also observed in Figure 7-19, where
the samples in all surface conditions were overestimated. However, once hardness, the crack
initiation location, and the critical defect size are considered in the Ideal Fatigue Limit using
Equation 7-3, a more appropriate fatigue limit was obtained, especially in the as-fabricated
condition. However, the Machined, Machined+LTHIP, and Machined+LTHIP+SP condition were
underestimated. Through incorporating the surface roughness characteristics, the Regression
equation was able to predict a fatigue endurance limit for PBF-EB Ti6Al4V much closer to the
experimental results.

Table 7-3: Experimental and theoretical fatigue limit in each condition

Experimental Theoretical Regression
Fatigue Limit Fatigue Limit Ideal Fatigue Fatigue Limit
Condition (MPa), (MPa), Limit (MPa), (MPa),
From this study Eq. 7-2 Eq. 7-3 Eq. 7-4
As-Built <200 454 227 - 238 ~200
As-Built + STHIP <200 452 243 ~170
Machined 400 560 324 - 345 ~470
Machined + LTHIP 350 521 318 -343 ~375
Machined+LTHIP+SP 400 521 330 - 340 ~425

This work encompassed samples printed systematically to evaluate the intra-build design
parameters and post-processing of the fatigue life of PBF-EB Ti6Al4V. Through using a multi-
factorial DOE approach, 85 samples were tested in the untreated, HIP and shot peened condition
and two orientations to understand the repeatability and reliability of the metal. The post-
processing treatment had the largest influence on the fatigue behavior, where shot peening reported
values nearly twice those in the untreated condition and 4X the STHIP condition. While STHIP

and LTHIP were successful in reducing internal porosity and defects, the subsurface defects
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remained and were the source of crack initiation. Shot peening however was successful in reducing
the orientation-dependent behavior and reducing scatter in the data. Additional samples and
chemical analysis of the metal are recommended to better understand the remaining variation in
the shot peened metal. The untreated PBF-EB Ti6Al14V alloy was promising for adoption and with
the application of machining, LTHIP, and shot peening, metal comparable to annealed wrought

Ti6Al4V can be achieved.
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8 Discussion

Previous studies on the fracture-critical properties of PBF-EB Ti6Al4V have primarily
examined the role of microstructure and defect characteristics on property variation. While these
efforts provided valuable insights, they have not fully addressed whether the intra-build design
factors influence fracture toughness and high cycle fatigue variability. Hrabe et al. 2223
demonstrated that changes in size, location, and sample orientation contribute to property
variability, but their assessment was limited to individual parameters, with a primary focus on the
tensile properties. However, for PBF-EB Ti6Al4V to be used in damage-tolerant applications, it
is crucial to understand how process-induced variability contributes to scatter in fracture-critical
properties, particularly in fracture toughness and fatigue resistance. In addition to these process-
driven effects, post-processing strategies play a key role in mitigating variability and enhancing
mechanical properties. However, the optimization of post-processing treatment for improved
durability remains limited, leaving gaps in how to best enhance the performance and reliability of
PBF-EB Ti6Al4V components.

The current ASTM F292428 standard provides guidelines for HIP post-processing of metal
AM Ti6Al4V to reduce internal defects and improve the mechanical properties. While this
standard was foundational for metal AM, recent research has inspired optimizing HIP parameters
for PBF-LB Ti6Al4V, leading to the formation of AMS7028 specification 2°. However, as this
specification primarily addresses the PBF-LB process, its applicability to PBF-EB Ti6Al4V
remains under evaluation due to the inherent differences in fabrication process. As a result,
rigorous experimental evaluation necessitated further studies to ensure equivalent behavior and
qualification for safety-critical applications.

Before considering the influence of post-processing, it is crucial to first examine the
inherent variability in mechanical properties that arises from the PBF-EB process and build design

choices. While PBF-EB Ti6Al4V has shown promise for structural applications? !>4!

, significant
scatter in mechanical properties has been reported, necessitating a deeper understanding of its
underlying causes. The limited number of studies on the fracture toughness result in a lack of
consistency in build design strategies (e.g., specimen size, location, powder, process parameters,
etc.) has led to a broad range in reported YS (730 — 1030 MPa)'? 4115 fracture toughness (60 —

120 MPaVm)!3: 4194154 and fatigue strength (100-300 MPa) 2627171 The absence of standardized
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design guidelines has further hindered the ability to directly compared results across studies,
highlighting the need for a more systematic approach to understanding process-induced variability.

To systematically evaluate the fracture-critical properties, a multi-factor DOE was utilized.
In addition to the common parameters of interest such as orientation, the influence and interaction
of thickness and specimen location on fracture toughness and fatigue behavior were examined.
Capturing the fracture-critical properties throughout the build space further provides design
engineers with an understanding of the process-structure-property relationship of the PBF-EB

Ti6Al4V, which is essential for verification and validation.

8.1 Fracture Toughness

8.1.1 Anisotropy

Anisotropy in mechanical properties is a well-documented characteristic of PBF-EB
Ti6Al4V and has been extensively investigated??®- 42 66: 101112 Thjg study demonstrated a significant
relationship between orientation and mechanical properties. The vertically-built PBF-EB Ti6Al4V
specimens exhibited higher tensile strength, ultimate tensile strength, and ductility compared to
the horizontally-built specimens. Furthermore, build orientation contributed to ~15% difference in
fracture toughness. We hypothesize that there were three factors influencing the anisotropic
mechanical properties. First, the elongated prior-f grains, aligned along the build direction,
influenced the crack growth direction. The basketweave microstructure within the grains and the
a-enriched region along the grain boundary was observed, in line with findings by Zhai et al.!*.
The crack path through the microstructure thus would change based on the crack orientation, where
the XZ oriented CT samples exhibited an intergranular crack path, as the crack travelled along the
a-GB, resulting in a more direct fracture path and reduced crack growth resistance. This aligns
with the lowest fracture toughness in the XZ orientation, seen in Figure 8-1. In comparison, the
XY oriented samples also exhibited a preference for intergranular crack path, however, the samples
exhibited enhanced fracture resistance. In contrast to the XZ orientation, the crack path in the XY
oriented samples would interact with a higher number of grain boundaries, thus increasing the
energy required for the crack to grow. Unlike these two orientations, the ZX orientation exhibited
a zigzag crack path through the basketweave microstructure, where the highest energy is required
for crack growth, leading to the largest fracture resistance. However, the ZX orientation did not

result in the highest fracture toughness.
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Figure 8-1: The average fracture toughness values in the ZX, XY, and XY orientation

Second, the variation in the microstructural parameters may have influenced the variation in
fracture toughness due to orientation. Even though similar B vol.% and prior-p grain width was
reported between the three orientations, there was a significant difference in the a-lath thickness
shown in Figure 8-2. Notably, the XY orientations reported 30% larger a-lath thickness, which
was found to be significantly different from the XZ and ZX orientations. The difference in melt
area also led to the orientation-dependent microstructure, where the horizontally oriented samples
exhibited a coarser grain size shown in Figure 8-2. The samples oriented horizontally would
exhibit a larger melt area, where a significantly larger grain size was observed in the XY oriented
samples. Bruno et al. observed similar orientation dependent microstructure in PBF-EB!%2. Due to
the larger volume of a-phase in the metal, the difference in a-lath could have further influenced

the fracture-critical properties.
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Figure 8-2: The microstructural characteristics a-lath size and the B vol.% in the ZX, XZ, and XY.
(***) denotes statistical significance of (p<0.001).

Third, the LOF defects observed on the fracture surface of the untreated metal, when
oriented normal to the applied load, would have the largest effect on the load carrying capacity of
the specimen. While spherical pores exist within all the as-built samples, the variation in pore
sphericity and size significantly affects the local stress around the defects. Consequently, the large
and flat shaped LOF defects would have the most significant influence compared to gas pores,
specifically in the ZX orientation, reducing fracture resistance. This aligns with our findings,
where 1% of the ZX fracture surface area was comprised of defects, compared to only 0.2% in the

X7 and XY orientations.

8.1.2 Intra-Build Variation

While most studies report specimen orientation, the broader influence of build space
positioning and geometric considerations is only beginning to be explored. The absence of
standardized design guidelines for additively manufactured Ti6Al6V further complicates efforts
to establish reliable mechanical property database. To accurately compare available data and
understand the factors driving mechanical property variation, it is essential to investigate the
process-induced sources of variability, particularly those related to build design. Engineers
designing metal AM components must make critical choices regarding geometry and placement

within the build space, all of which can significantly influence the final material properties. While

24, 139, 141,257 210,258,259
, the

prior studies have separately examined the location and part size
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combined influence of these parameters on fracture-critical properties remained largely
unexplored.

Sample height within the build space was significant and contributed to the second largest
variation in fracture toughness, following orientation. Fracture toughness is highly dependent on
microstructure, making the variations in cooling rate and the temperature gradient within the PBF-
EB build chamber significant. Microstructural variation induced by build design parameters could
be one of main factors contributing to fracture toughness variability, seen in Figure 8-3. To
understand the microstructural variability, it is important to first understand the influence of
processing temperature, time, and cooling rate on microstructural characteristics, where small
changes significantly influence resulting microstructure. Galarraga et al.''” and Lutjering et al.*°
demonstrated the effect of processing temperature, time, and cooling rate on the Ti6Al4V
mechanical property induced by the change in microstructure. The studies confirmed that as the
processing time and temperature increase, and cooling rate decreases, the grain size of the Ti6Al4V
increases.
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Figure 8-3: a-lath variation as a function of sample height for each orientation
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Due to the strong dependence of microstructure on the thermal process, there has been a
growing interest in modeling and understanding the thermal complexities that develop during the
PBF-EB process. As the build gets taller, the temperature in the downward direction decreases,
where the higher thermal conductivity of the stainless-steel build platform acts as a heat sink 26°.
However, the unsintered powder bed can act as an insulator 21262 leading to a decrease in heat
transfer, where heat accumulates as the build becomes taller. As a result, for a taller build, the
temperature for a similar depth than a shorter build is found to be higher!*’. As a result, the heat

transfer throughout the powder bed is significantly dependent on the height. As heat accumulates

161



and cooling rate decrease, variation in both the a-phase and a-lamellae would be expected, with
an increasing a-lamellae size. The height parameter in this study exhibited the largest contribution
to microstructural variation (~20%) shown in Figure 8-4, Figure 8-5, and Figure 8-6, where a finer
microstructure was observed closer to the build platform. In general agreement with this study, an
increase in grain size with increase in height has also been observed in PBF-EB near-B Ti-alloy?®?
and PBF-LB Ti6Al14?%4. Heat accumulation and the cooling rate are faster in samples closer to the
build plate, often resulting in a finer microstructure, as seen in the Tukey pairwise comparison in
Figure 5-2a. A decrease in cooling rate is observed with the addition of each layer and a larger
heat gradient due to the poor powder conductivity results in the coarsening of the microstructure
265, While an increase in defect size was observed with increase in height, the change in

microstructure had a larger influence on the fracture toughness variation.
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Figure 8-4: The RSM prediction curves for fracture toughness and a-lath thickness, in the ZX, XZ,
and XY orientation. Each factor is individually plotted while keeping the other two factors

constant.
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Radial distance, the second spatial distribution parameter, was also found to significantly

influence fracture toughness, with 6-10% decrease in fracture toughness as samples were printed

from the center to the edges of the build space. A change in microstructure was also observed with

the change in radial distance from the center to the edge of the build space, as seen in Figure 8-4,

Figure 8-5, and Figure 8-6. This is line with Hrabe et al.’s study, where a finer microstructure in
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samples located along the edges of the build plate 2°. Raplee et al. and Rodriguez et al. implemented
thermographic imaging for in-situ monitoring, enabling layer-by-layer feedback to understand the
quality of as-fabricated components?°62%7. While these studies provided valuable insight into the
melting stage, they primarily focused on the localized heat input, rather than the global thermal

1. 137 examined

evolution within the build chamber. A comprehensive investigation by Landau et a
the temperature distribution within the entire PBF-EB chamber using numerical modeling. The
study highlights the spatial thermal gradients, where a 70 °C temperature variation between the
edges and center of the build platform was observed, leading to variable thermal histories. This
finding is key when evaluating Ti6Al4V. As such, while Landau et al. did not evaluate the change
in microstructure directly, the Ti6Al4V sensitivity to the temperature and cooling rate within the
PBF-EB chamber would result in a microstructure that is dependent on the location within the
build chamber, as seen in Figure 8-7. This would explain the significant effect of sample radial
distance on the microstructure, where a lower temperature and faster cooling rate toward the edges
of the powder bed would result in a finer microstructure. The decrease in grain size with increasing
radial distance was also observed by 2%!27, where the fine alpha lath thickness contributed to the
increasing YS and UTS. Further evaluation of samples located in the front and back of the chamber
could provide additional information on the radial distance variations observed. While a decrease

in fracture toughness did exist with the increase in radial distance, the overall difference was within

10%.
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Figure 8-7: The 9mm thick fracture toughness and a-lath values at three intra-build locations in the PBF-

EB build chamber for each crack orientation.
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The samples thickness was a significant parameter in the model, with an increase in
fracture toughness with increasing thickness. An increase in thickness in conventional alloys leads
to a decrease in fracture toughness until a plateau of plane-strain Ki. values is reached to be
considered a material property *. However, a small increase in fracture toughness with increasing
thickness was observed in the PBF-EB fracture toughness, shown in Figure 8-6. An increase in a-
lath thickness was observed in Figure 8-6 with increase in thickness. Geometry-dependent

d>¢8269 where the increase in melt area leads to an

microstructure has been previously observe
increase in heat accumulation and decreased cooling rate leading to coarsening of microstructure.
Thus, the increase in sample melt area resulting in a decrease in cooling rate, contributing to the
microstructure-dependent fracture toughness. The larger sample thickness resulted in coarser grain
structures, while samples position farther from the build plate exhibited an increase in grain size.
These microstructural changes were consistent with findings by Razavi et al. where thermal
gradient and cooling rate inherent to the PBF-EB process were linked to microstructural variation
127210 'While microstructure-dependent fracture toughness was observed, it resulted in 2-8% of
material property variation due to sample thickness.

These studies support our hypothesis that microstructural variation is driven by the
combined effects of spatial location and geometry producing the thermal environment inherent to
the PBF-EB process. This would explain the similar fracture toughness and microstructure trends
observed with respect to the build design parameters (thickness, height and radial distance)
provided in Figure 8-4, Figure 8-5, and Figure 8-6,. The increase in the a-lath size led to an increase
in slip length, causing a reduction in strength reported by Ghods et al.!?” with an increase in height
and decrease in radial distance. Where a decrease in tensile strength was observed by Ghods et
al.'?’, an increase in fracture toughness was observed in this study. Establishing the fundamental
effects influencing microstructure allows for better understanding of the variability observed in
the fracture-critical properties. Hence, the microstructure as a function of sample orientation and
geometry should be the initial design consideration, as it will dictate the crack growth behavior

through and along the grain and its interaction with defects.
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8.1.3 Hot Isostatic Pressing

After considering the changes in mechanical properties due to process-induced feature, the
effect of post-processing is explored. The surface condition was not a significant factor in fracture
toughness variation with comparable fracture toughness in the As-Built and Machined surface
conditions. However, the PBF-EB surface roughness is inherently rough, which has been shown
to influence the quasi-static properties and have detrimental effects on cyclic properties !> 19220235,

The results indicate that both the standard and modified HIP treatments led to a reduction
in YS, UTS, and hardness, while enhancing elongation and fracture toughness. These findings are
in general agreement, where HIP treatments generally reduce internal defect and microstructure
coarsening, promoting ductility at the expense of strength *>. The pCT and fracture surface analysis
confirmed the closure of internal defects after HIP. Furthermore, the increase in lamellar thickness

and B vol.% after the LTHIP process shown in Figure 8-8 further supported the effect of HIP on

the mechanical properties.
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Figure 8-8: The comparison of a-lath size and the § vol.% in the untreated and LTHIP condition.
Comparing the difference in mechanical properties after the STHIP and LTHIP provides
interesting insight into the benefits of using a lower temperature HIP. The overall decrease in Y,
UTS and hardness was significantly lower compared to the STHIP treatment, while a significant
improvement in ductility. This is aligned with findings by Abu-Issa et al., where the lower
temperature limited the microstructure coarsening ', Microstructural coarsening occurs in
Ti6A14V when heat treating down to 600 °C, where a proportional relationship exists between the
lamellar thickness and the temperature **!!7, Pandian et al. similarly found a low temperature, high

pressure HIP to limit grain growth size, maintain the high YS and UTS of PBF-EB Ti6Al14V 9,
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The typical lamellar grain size after STHIP on the PBF-EB process has been reported anywhere
between 1.5 - 2.4 um 3130 compared to ~1.4-1.7 pm after LTHIP in this study. This further
validates utilizing a low temperature HIP to limit on coarsening of the microstructure, which limits
reduction in Y'S while increasing EF.

As tensile properties decreased with post-processing, fracture toughness values increased
as seen in Figure 8-9. Similar findings by Greitemeier et al. suggested an increase in fracture
toughness with STHIP treatment °. In contrast, Seifi et al. and Dzugan et al. reported a decrease
in fracture toughness after STHIP !'*15% The significant coarsening of the microstructure and
change in texture competed with benefits of defect closure, where an increase in fracture toughness
was not achieved. In contrast, the average fracture toughness of PBF-EB Ti6Al4V in this study
increased from 65 MPaVm to 74 MPaVm after LTHIP treatment. The same features effecting the
tensile behavior also played a role in the fracture toughness behavior. While there isn’t a direct
relationship between tensile and fracture toughness, typically an increase in toughness is observed
with decreasing tensile as the materials ability to resist deformation decreases. Therefore, the
combined changes in mechanical behavior, defect closure, and microstructure can be attributed to
the increase in fracture resistance. The low temperature high pressure processed PBF-EB metal
closed internal defects without a significant coarsening of the microstructure, making it a
promising application in obtaining enhanced fracture-critical properties.
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Figure 8-9: The average fracture toughness in the untreated and LTHIP condition
With the LTHIP treatment, the elongation and fracture toughness properties changed non-

uniformly between the orientations. In comparison, a discrepancy in hardness between the two
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orientations was not observed. The fracture toughness in the ZX orientation increased by 23%
compared to ~12% in the XZ and XY orientations. Similarly, the EF increased by 76% in the
vertical and 40% in the horizontal orientation. This suggests orientation-dependent values might
be influenced by post-processing. The two factors influencing the anisotropic properties in the
untreated state also play a role after post-processing. First, LTHIP led to removal of the large and
irregular shaped LOF defects, which would have the most significant effect on improving the load-
carrying capacity. With the removal of the LOF defects, the vertical tensile and ZX oriented
fracture toughness samples would both benefit the most, which could explain the more significant
increase in properties after post-processing.

Another possible contributor to the orientation-dependent change after post-processing is
the microstructure. With post-processing, a 20% increase in the lamellar a and a-GB was observed,
shown in Figure 8-10. Similar (17%) increase in the a-lath was reported by '>°. The orientation-
dependent microstructure similar to the untreated condition shown in Figure 8-2, is also observed
in Figure 8-10, where the XY orientation is statistically different from the ZX and XZ orientations.
The change in microstructure with heat treatment is attributed to the temperature the metals are

processed 7

, where the grain size increases linearly with increase in temperature and time of
treatment. The increase in the size of the lamellar grains would increase the slip length and cause
a decrease in strength, as observed in our findings. This increase however would be undesired
depending on the crack growth direction through the microstructure. Notably, the increase in the
brittle a-GB can degrade the fracture resistance and ductility in samples prone to intergranular
cracking. As such, the increase in the a-GB would degrade the ductility of the horizontal tensile
and XY and XZ CT samples. However, an investigation of the crack growth resistance and the a-

GB thickness should be conducted.
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a-lath thickness (um)

Orientation

Figure 8-10: The a-lath thickness of the ZX, XY, and XY in the LTHIP condition, where the XY
orientation is statistically significant compared to the ZX and XZ orientations. (***) denotes
statistical significance of (p<0.001)

The intra-build design parameters were found to significantly influence the grain size in
both the untreated samples previously, 4*.While the low-temperature HIP treatment improved
fracture resistance, the fundamental microstructure shown in Figure 8-11. The ANOVA analysis
showed trends due the intra-build design parameters were similar in both the untreated and post-
processed condition. In essence, while LTHIP increased the fracture toughness, the intra-build

design parameters left a lasting mark on the microstructure which was not changed with LTHIP.
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Figure 8-11: The trends in microstructure and fracture toughness as a function of sample thickness
and height
As a result, while the LTHIP process was shown to be promising treatment in enhancing

the fracture resistance of PBF-EB Ti6Al4V, the PBF-EB manufacturing process resulted in build
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dependent fracture toughness properties. The build orientation was shown to dictate the crack
growth behavior should be the initial design consideration when manufacturing for end-use
production. Furthermore, the following study also shows engineers should consider the influence

of geometry and build design for fabricating repeatable and reliable components.

8.2 High Cycle Fatigue

8.2.1 Anisotropy

Similar to the fracture toughness results, orientation-dependent HCF behavior was
observed. Specifically, the horizontally oriented samples survived longer compared to their
vertically-oriented counterparts, reported fatigue limit up to 400MPa compared to 350MPa. One
of the primary observations of the fracture surface were the process-induced defects, such as the
LOF defects. The orientation of the LOF defects was far more detrimental in the vertical samples,
significantly reducing the load-carrying capacity. Similar behavior was observed in the fracture
toughness orientation. However, samples are fatigue loading are far more sensitive to internal
defects, where the horizontal orientation survived longer than the vertical orientation, with the
largest difference in the untreated condition. Similar findings on the influence of internal defects
were also observed in the following studies !71-?7°, The combination of the columnar grains and the

LOF defects on the anisotropic properties is in line with findings by Edwards et al. and Seifi et al.

41,138

8.2.2 Intra-Build Variation

The intra-build design parameters (Height, Radial Distance, and Thickness) were
incorporated into a multiple linear regression used to fit the experimental data to the Basquin
equation to better characterize and understand the influence of each factor on fatigue life. Figure
8-12 implies three experimental observations. First, the intra-build design parameters were found
to influence the fatigue properties of the PBF-EB Ti6Al4V. Thickness had the largest influence
on the variation in fatigue behavior, with a ~62% decrease in fatigue with decrease in thickness
from 9- to 6-mm in the horizontal orientation, respectively. Zhao et al. 2!° reported a positive
correlation between fatigue life and thickness in PBF-EB Ti6Al4V fatigue behavior. As sample
thickness increased from 1 to 5 mm, a more ductile microstructure and decrease in surface

irregularities led to the enhanced fatigue limit. Pegues et al. 32 further demonstrated metal AM
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fatigue properties to be more sensitive to sample volume fueled by the increase in surface and
subsurface defects in smaller gauge samples, with preference in crack initiation at subsurface
defects. Even with similar surface roughness values, the surface defects have a larger effect on the
6 mm samples in both metal conditions.
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Figure 8-12: The fatigue life of as-built PBF-EB Ti6Al4V specimens in the untreated horizontal

orientation

Second, the increase in height in Figure 8-12 contributed to the <10% decrease in fatigue
properties in the Machined horizontal samples. The decrease in fatigue behavior with increase in
height was attributed to the complex PBF-EB process observed in the fracture toughness samples.
This decrease was not as notable than what was previously reported by Ghods et al.'®®, where the
presence of large “rogue” defects at the highest height level may have overshadowed influence
from the microstructure. The higher fatigue behavior closer to the build plate could be a result of
the thermal gradient formed with the addition of each layer. With the first levels of samples built
on the stainless-steel build plate undergo a faster cooling rate, while the upper levels float within
the powder bed. Numerous studies have found microstructure variation in samples due to the

thermal gradient within the PBF-EB build space *!'?7. As a result, the samples on the first level
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have a finer microstructure compared to the second level. The finer microstructure is preferrable
in increasing the strength and fatigue resistance.

The fatigue behavior in the horizontal HCF specimens decreased ~12% with increase in
radial distance. But in contrast to the vertical orientation, the LOF defects are oriented parallel to
the applied load, having a less significant effect on fatigue behavior variation. This similar
variation with height was not observed in the horizontally oriented samples. To build a sufficient
number of samples for testing, the horizontally oriented samples were fabricated in line with each
other, separated by the support structure. The difference in the build design could be contributing
to the difference compared to the vertical HCF study reported by Ghods et al.'®®, Rahimi et al.
developed a macroscale thermal model that quantified a temperature variation exceeding ~200 °C
in a single layer during component fabrication 2. This variation resulted from the complex
interactions between the component design, previously deposited layers, and the surrounding
powder bed. Notably, samples positioned directly on the build platform experience significantly
higher cooling rates compared to those printed into the powder bed. Furthermore, the support
structures may aid in heat dissipation through the below structures 7!, resulting in a different
thermal gradient compared to the vertically oriented samples printed in the powder bed using
floating/detached supports. As a result, the horizontally oriented samples would undergo a faster
cooling rate resulting in a more uniform thermal gradient within the specimens. However,
microstructural characterization of the horizontal HCF specimens is necessary to confirm this

hypothesis.

8.2.3 Post-Processing

8.2.3.1 Surface Treatment

Figure 8-13 shows the stress-life curves as a function of the crack nucleation source and
sample condition. The crack initiation sources were recorded during fractography of each fractured
sample. The samples reaching runout at 107 cycles are characterized by an arrow. The markers
describing the three typical crack initiation locations are circle (surface), + (subsurface), and X for
internal crack nucleation. Figure 8-13 implies three different observations. First, all the cracks
nucleated from surface defects in the samples with as-fabricated surface due to the partially melted
powder particles and irregular surface. This resulted in fatigue limit far below the ~550 MPa after

STHIP reported 2% 4220, As discussed previously, the stress concentration due to surface defects
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was higher than subsurface and internal defects, so while internal defects were removed after

STHIP, the rough as-fabricated surface had consequential influence during cyclic loading.

900 Condition
8001 = STHIP
AB

700 e Machined + LTHIP
_ 6001 ® Machined
of? ® Machined + SP
S 5001 ® M +LTHIP + SP
-~ Initiation
& e surface
_g 400 + subsurface
” + > > # internal
é » runout
s 300 >>

200 1

104 10° 10° 107

Cycles to Failure

Figure 8-13: Summary of crack nucleation source of each sample, respective to the metal and
surface condition.

Second, with surface finish enhancement, surface defects were no longer the main source
of crack initiation. Surface roughness improved and irregular surface defects were removed with
machining, where fatigue cracks nucleated from subsurface and internal defects. The increase in
fatigue life of the machined PBF-EB samples was evidence that the removal of the as-built surface
was necessary. Which is to say, for adoption of PBF-EB Ti6Al4V in engineering applications,
treatment of the as-built surface needs to be a primary concern. Childerhouse et al.!”® observed an
improvement in the PBF-EB surface finish with machining of 0.5 mm but only achieved enhanced
cycles to failure with 1 mm of material removed. The fatigue limit doubled as a function of material
removal, as a result of removal of the rough PBF-EB surface finish and subsurface defects.
Therefore, machining to remove both surface and subsurface defects is vital, the two defect types
that results in the highest stress concentration. Furthermore, crack nucleation was dependent on
the applied load. As the maximum stress increased, the location of crack initiation shifted from
internal to subsurface defects in the Machined samples. At higher loads, local plastic deformation

occurs more readily at surface and subsurface defects, where there is less constraint at the surface
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compared to internal defects. As the applied stress increase, it becomes easier to nucleate and
propagate surface and subsurface defects.

Shot peening was performed after surface machining. The shot peened samples exhibit the
higher fatigue strengths, reaching fatigue limit over 400 MPa, a factor of 2 increase compared to
the As-Built samples. Shot peening application produces compressive residual stresses through
striking metal shots. The process resulted in plastic deformation of the external surface of the
samples, with compressive residual stresses of up to -200MPa reported on PBF-EB Ti6Al4V
samples*?!. However, shot peening performed on the as-built surface results in fatigue strength up
to 220 MPa, 221272, The as-fabricated surface is comprised of surface and subsurface defects which
act as the primary source of crack nucleation. However, by machining the external surface prior to
shot peening, this study was able to obtain an improved fatigue behavior, with the endurance limit
reporting 425 MPa.

As a result, surface treatments are crucial in improving cycles to failure and fatigue limits
comparable to cast and wrought alloys. Furthermore, the process the surface treatment operations
are performed are important to consider. While shot peening the as-built surface was beneficial, to
obtain the highest fatigue limit for PBF-EB Ti6Al4V, the as-fabricated surface must be removed

by machining first, prior to the shot peening process.

8.2.3.2 Hot Isostatic Pressing

It is worthwhile to note that while the surface roughness had the most significant influence
on the fatigue behavior, the LOF defects contributed to reduced fatigue behavior and scatter in
properties. Zhang et al. 27° observed that even when the crack initiation sites resulted from surface
defects, process-induced defects contributed to the survivability of Ti6Al4V. The large and
irregularly shaped internal defects result in a larger effective stress in the specimen cross section,
increasing the overall stress intensity and reducing the load-carrying capacity. Notably, the
orientation of the LOF defects which form between print layers along the specimen length axis
(i.e., perpendicular to the loading direction) had a more significant influence during cyclic loading.

Alternatively, the horizontally-printed Ti6Al4V samples performed 5X longer than the
vertical orientation, reaching runout at 400MPa. As such, with closure of internal defects with
LTHIP and STHIP process, we would expect an increase in fatigue strength. The as-fabricated
surface was the main cause of the low endurance limit in the STHIP samples. However, with

machining application, the LTHIP samples also did not result in enhanced survival. Figure 8-13
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shows the Machined + LTHIP samples, where the majority of samples failed due to surface defects,
with a portion of cracks nucleating from subsurface defects at lower stresses. In contrast, the
unchanged cyclic behavior after LTHIP process correlates with the surface imperfections observed
with uCT and valleys recorded in the surface profilometry. These notch-like defects on the surface
would result in areas of high local stresses where there is less constraints, promoting premature
crack nucleation and reduced fatigue life. Even though both surface and heat treatments were
applied to the samples, the order in which they were performed is vital, where HIP process must
occur prior to surface machining.

The intra-build design parameters (Height, Radial Distance, and Thickness) were
incorporated into a multiple linear regression used to fit the experimental data to the Basquin
equation to better characterize and understand the influence of each factor on cycles to failure. The
intra-build design parameters were found to influence the fatigue properties of the PBF-EB
Ti6Al4V, similar to the untreated metal. Thickness continued to have the largest influence on the
variation in fatigue behavior, with a ~50% decrease in fatigue with decrease in thickness from 9-

to 6-mm in the LTHIP Vertical specimens, respectively.
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Figure 8-14: The fatigue life of as-built PBF-EB Ti6Al4V specimens in the untreated horizontal
orientation (purple circle marker) and the LTHIP vertical (red triangle marker) as a function of

the intra-build design parameters (thickness, height, and radial distance).
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Second, the increase in height in Figure 8-12 contributed to the ~30% decrease in fatigue
properties in the vertical LTHIP samples. Similar findings were observed in the untreated metal,
which would remain due to the sub-f transus HIP treatment. The microstructural formations which
occurs during the complex PBF-EB process remained, since utilizing temperature below the -
transus inhibits microstructure recrystallization. Furthermore, this decrease was more notable than
what was previously reported by Ghods et al, where the presence of large “rogue” defects may
have overshadowed influence from the microstructure. Whereas, in the Machined+LTHIP
samples, internal defects were reduced significantly, such that the crack growth behavior through
the microstructure plays a more prominent role, following the surface defects. The higher fatigue
life closer to the build plate could be a result of the thermal gradient formed with the addition of
each layer. Numerous studies have found microstructure variation in samples due to the thermal
gradient within the PBF-EB build space *>!?7. As a result, the samples on the first level have a
finer microstructure compared to the second level. The finer microstructure is preferrable in
increasing the strength and fatigue resistance.

In contrast, the variation due to build height was not observed in the horizontally oriented
samples. To build a sufficient number of samples for testing, the horizontally oriented samples
were fabricated in line with each other, separated by the support structure. This would yield in a
different thermal gradient compared to the vertically oriented samples printed the powder bed and
detached from other samples.

Lastly, the LTHIP samples which did not show an effect of radial distance. One of the
main sources of variation in the vertical orientation was the presence of LOF defects, which had a
significant increase in stress concentrations. What’s more, Ghods et al.'® had previously
demonstrated a direct link between radial distance and pore diameter, where an increase in radial
distance led to an increase in size. After the LTHIP treatment, large and irregularly shaped LOF
defects were successfully removed, minimizing contribution to the fatigue variation, in addition to
reducing any effects from the radial distance.

The influence of the intra-build design parameters on fracture toughness and high cycle
fatigue behavior was discussed in detail. These observations highlight the critical relationship
between geometry, spatial location and the thermal history in determining fracture-critical
properties. However, unlike previous work that evaluated individual parameters in isolation, this

study highlights the importance of also evaluating the interaction between design parameters and
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their influence on mechanical properties. As a result, this study contributes a clearer understanding
on the importance of build design and its influence on damage tolerance. Furthermore, this study
emphasizes the need for comprehensive build design strategies to minimize variability and ensure
repeatable performance. Geometry and build orientation should be carefully selected during
design, paired with strategic placement of parts in the builds space to obtain repeatable fracture
toughness and fatigue properties. The center column of the build space is recommended to obtain
optimal PBF-EB fracture toughness properties. Coupled with adopting a “locked” build design,
damage-tolerance components can be fabricated with standardized design procedures.

While the fracture toughness properties in this study were primarily driven by the
microstructure, fatigue life is much more sensitive to the process-induced surface finish and
internal defects. While the quasi-static properties of PBF-EB Ti6Al4V have shown to be promising
for fracture-resistance components, the crack growth properties under cyclic loading need to be
studied closer. However, fatigue testing requires a long time to achieve the high number of cycles
needed to evaluate its fatigue limit. In addition, the randomness of the process-induced feature
makes it difficult to simulate the fatigue behavior. Furthermore, modeling is further limited by the
limited understanding of the influence of the build design. the powder feedstock used in this study.
The generalizability of the results is limited to the recycled powder utilized in this work, where
the 7-10 reuse cycles underwent an increase in oxygen content. While the oxygen content remained
within the ASTM specification for Ti6Al4V, its potential effects on mechanical properties, such
as reduced fatigue and fracture resistance much be considered. With an increase in oxygen content,
an increase in a-lath thickness is expected 274, however, the similar o-lath size (~1.1 um) and 88%
a-phase volume fraction from the As-Built ZX, Machined ZX and the Machined XZ orientation
do bear that influences from powder reuse were small compared to the influence of orientation and
the intra-build design parameters on microstructural characteristics.

Despite this limitation, the use of the recycled powder was sufficient in addressing the
primary objective in identifying sources of variability due to the build space design. Future studies
should investigate the role of part-to-part variability with unused powder. Additionally, a larger
sample size is recommended for evaluating the role of intra-build design parameters in the LTHIP
and SP condition. Despite these limitations, this work evaluated the PBF-EB Ti6Al4V fracture-
critical properties to provide a further understanding of the reliability of PBF-EB titanium alloy.

Through using a multi-factor DOE approach, the influence of build design parameters on fracture
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toughness and high cycles fatigue were demonstrated, paving the way in identifying the parameters
of interest considered by design engineers and researchers in certifying the PBF-EB Ti6AL4V.
Future studies should explore the influence of build design parameters on mechanical
properties in greater detail, focusing on microstructural characteristics, such as texture and phase
fractions, and variation across the build space. This allows accurate predictive modeling and
selecting in addition to comprehensive design guidelines for PBF-EB Ti6Al4V, including
recommendations for geometry, optimal orientation, and necessary post-processing for specific-
use cases. Furthermore, expanding the scope to other AM processes, including PBF-LB and DED,
would enhance the standardization of metal AM. By addressing these avenues of research, the
potential for metal AM as a reliable material for critical engineering applications can be fully

realized.
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9 Conclusion

With the advancement of metal AM in aerospace and the increasing focus on industrialization,
a comprehensive understanding of fracture-critical properties is essential. One of the primary
challenges in advancing metal AM adoption is the part-to-part variability in mechanical properties
within builds. This experimental study addresses a key gap in the process-induced variability of
PBF-EB Ti6Al4V and its contribution to mechanical property scatter. This research bridges the
gap between PBF-EB process and the Ti6Al4V damage tolerance properties, such as fracture
toughness and high cycles fatigue, providing critical insight into how build design parameters
influence mechanical performance.

Through a design of experiments approach, this study demonstrated that build parameters-
specifically orientation, thickness, and spatial location — strongly affect microstructure evolution,
which in turn governs fracture toughness and fatigue behavior. The statistical approach allowed
for systematic evaluation of multiple independent variables, revealing key sources of variability in

mechanical properties.

9.1 Fracture Toughness

Intra-build variability is the spatial variation in metal quality within the build space due to
inherent process-induced features in PBF-EB. This study employed a DOE framework to assess
the effect of orientation, part design, and spatial location in the fracture toughness of PBF-EB
Ti6Al4V, leveraging 270+ CT specimens for statistical analysis of microstructure, porosity, and
mechanical properties. Using ANOVA, this study quantified the relative contribution of different
intra-build design parameters to fracture toughness variations. The findings revealed:

1. The intra-build design parameters demonstrated strong effect on PBF-EB Ti6Al4V
fracture toughness. Preferential crack growth direction was the dominant factor
influencing fracture toughness, making up to 25% of the variation in properties. The
spatial location contributed to the largest source of variation (~65%).

2. Build height had the second largest impact, with an increase in fracture toughness with
increasing build height across all orientations. Radial distance from the center of the

build also influenced fracture toughness, with properties decreasing at increasing
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distances from the build center. This suggests the thermal gradients within the build
chamber influence microstructure evolution and consequently mechanical properties.

3. Part design played a significant role in fracture resistance, as changes in microstructural
features, particularly o-lath thickness, reinforced the connection between geometric
design and resulting fracture toughness.

4. The overall fracture toughness of PBF-EB Ti6Al4V (65 MPaVm, with a spread of 10%)
falls within an acceptable range, demonstrating that the process is both repeatable and
reliable.

5. The application of low-temperature/high-pressure HIP led to a notable increase in
fracture toughness, rising from 65+6 to 74+4 MPaVm. The modified LTHIP treatment
effectively reduced the internal defects while limiting microstructural coarsening,
resulting in improved work hardening, ductility, and overall fracture toughness. While
LTHIP effectively improved defect distribution, the microstructural features inherent to
the AM process — such as prior-f grain structure and the basketweave structure —
remained largely unchanged.

These findings confirmed the geometry and build space alone can influence the microstructure,
directly leading to variation in fracture toughness. This reinforces the necessity for property
verification when introducing new geometries. These findings demonstrate that while LTHIP
improves the Kj. fracture toughness, the underlying microstructure remains influenced by the
original AM process, resulting in location- and thickness-dependent microstructure which directly
influences the mechanical properties. Nonetheless the increase in fracture toughness with LTHIP
emphasizes its potential for enhancing the performance of PBF-EB Ti6Al4V, making it a

promising candidate for damaged-tolerant aerospace applications.

9.2 High Cycle Fatigue

The influence of intra-build variability on the HCF properties was evaluated. The DOE
framework adopted assessed the effect of orientation, part design, and spatial location on the high
cycle fatigue behavior of PBF-EB Ti6Al4V, leveraging 100 specimens for statistical analysis.
Furthermore, an additional 148 samples in various post-processing conditions were evaluated to

further understand the influence of HIP, Machining, and Shot peening of fatigue behavior of PBF-
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EB Ti6Al4V. Using linear regression, this study quantified the relative contribution of different

intra-build design parameters and post-processing treatments. The findings revealed:

1.

The fatigue properties of PBF-EB Ti6Al4V were strongly influenced by surface and
subsurface defects, with surface roughness contributing the largest source of variation in
fatigue life. The as-built surface, characterized by defects and partially melted powder
particles, promoted crack nucleation, leading to significantly reduced fatigue life.

Hot Isostatic Pressing effectively reduced internal defects, but only improved fatigue
strength when combined with machining. However, when machining was performed prior
to the LTHIP, subsurface defects deformed under high pressure, creating sharp surface
notches that acted as preferential crack initiation sites.

A substantial increase in fatigue life was achieved through the combined post-processing,
with fatigue limit exceeding cast Ti6Al4V and approaching wrought properties. The
recommended post-processing order recommended per the findings of this study is the
LTHIP, machining, and shot peening.

Despite these improvements, the intra-build design parameters, particularly thickness and
height, continued to influence the scatter in HCF properties. A 50-60% reduction in
fatigue life was observed as sample thickness decreased from 9 to 6 mm, which was
attributed to the increased sensitivity to surface and subsurface defects in thinner
specimens. Additionally, anisotropy in the fatigue behavior was evident, with the
horizontally built samples outperforming the vertical counterparts.

While the intra-build design properties affected the fatigue behavior, the surface
roughness and subsurface defects were the primary drivers to fatigue scatter, with the as-

fabricated surface exhibiting significant reduction in fatigue strength.

This study has revealed that understanding the interplay that exist between build design,

microstructure, and mechanical properties of PBF-EB Ti6Al4V is essential for fabrication of

repeatable and reliable components. The findings emphasize that build orientation, spatial location

and part design must be strategically optimized to achieve a balance between strength, ductility,

and reliability in PBF-EB Ti6Al4V. Therefore, when evaluating the damage tolerance of PBF-EB

Ti6Al4V, a comprehensive and systematic approach to build design must be implemented to
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maintain repeatability. Strategic post-processing treatments, such as the low-temperature/high-
pressure and shot peening have shown to be critical for enhancing the fracture-critical behavior of
PBF-EB Ti6Al4V. Specifically, ensuring adequate material removal, optimizing post-processing
treatments, and maintaining traceability of the design parameters are vital for reducing variability.
This study demonstrates the potential of PBF-EB Ti6Al4V as a viable material for load-bearing
applications, with fracture toughness and fatigue properties comparable to cast and wrought alloys

when appropriate design and processing strategies are applied.
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9.3 Future Work

This research has demonstrated significant insights into the fracture toughness and fatigue
behavior of PBF-EB Ti6Al4V. However, several aspects remain unexplored that could provide an
avenue for certification and qualification. A few potential areas of explorations include exploring
tool-less surface treatments and predicting fracture toughness and fatigue behavior.

As it was demonstrated, surface finish plays a crucial role in the damage tolerance of PBF-
EB Ti6Al4V. The inherent surface roughness of PBF-EB components is often detrimental to
fatigue strength motivating extensive research. However, there is limited information regarding
the effect of tool-less surface treatments of fracture resistance. Treatments such as shot peening
can help induce compressive residual stresses, thereby improving the crack growth resistance.
Through exploring the relationship between surface treatment and fractur resistance, optimized
fracture toughness properties for specific applications can be developed. furthermore, by pairing
the surface treatment with an optimized HIP treatment can provide further insight into the
relationship between microstructure, surface finish, and the crack growth resistance.

With an increase in machine learning models, information regarding the geometry and
location-specific mechanical properties can aid in optimizing for damage tolerant designs. The
fatigue and fracture toughness properties can be integrated into predictive models that design
engineers can utilize when selecting for specific mechanical properties. Create models which
integrate the build parameters, defect characteristics, and micro features to forecast fatigue and
fracture toughness. This further promotes specific-component design for niche applications.

Future research aims to further enhance our understanding of the mechanical behavior of
PBF-EB Ti6Al4V, particularity for use in safety-critical applications. Surface treatments, and

machine learning are all areas of interest, when explored, could lead to more reliable and optimized
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A- Experimental Properties

Hardness
Condition Surface Orientation Thickness Height Radial Hardness
HIP Machined  ZX 9 256 95 337
HIP Machined ZX 9 256 95 322
HIP Machined  ZX 9 256 95 324
HIP Machined ZX 9 256 95 327
HIP Machined  ZX 9 256 95 318
HIP Machined ZX 9 256 95 340
HIP Machined  ZX 9 256 95 312
HIP Machined ZX 9 156 65 331
HIP Machined  ZX 9 156 65 333
HIP Machined ZX 9 156 65 320
HIP Machined  ZX 9 156 65 327
HIP Machined ZX 9 156 65 314
HIP Machined  ZX 9 156 65 333
HIP Machined ZX 9 156 65 316
HIP Machined  ZX 9 56 35 331
HIP Machined ZX 9 56 35 334
HIP Machined  ZX 9 56 35 311
HIP Machined ZX 9 56 35 320
HIP Machined  ZX 9 56 35 327
HIP Machined ZX 9 56 35 348
HIP Machined  ZX 9 56 35 338
HIP Machined XY 9 56 35 316
HIP Machined XY 9 56 35 333
HIP Machined XY 9 56 35 354
HIP Machined XY 9 56 35 322
HIP Machined XY 9 56 35 352
HIP Machined XY 9 56 35 331
HIP Machined XY 9 56 35 388
HIP Machined XY 9 156 65 342
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HT Machined X 9 256 95 413

HT Machined X 9 256 95 423
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Tensile stress [MPa]
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Tensile stress [MPa]

[GIENININ

Tensile Properties
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19 20 21 22 23 24

4 5 6 7 8 9 1
Tensile strain (Strain 1) [%]
. Ultimate 0 %
Maximum i Yield stress q
Specimen label Load fiensie Modulus (Offset 0.2 %) Elongation
[N] Stress [GPa] [MPa] at break
[MPa] [%]
156-65-1 29470.90 1031.68 113.13 933.63 15.59
156-65-3 26973.71 1038.65 147.05 906.73 16.55
156-65-2 28077.73 1013.38 130.30 914.53 11.55
56-95-1 30960.70 1006.95 134.82 902.28 14.51
56-95-2 31571.45 1043.24 129.39 922.25 14.73
156-65-4 28610.56 1014.99 116.58 918.09 14.13
56-65-1 29629.12 1023.74 144.80 915.02 12.14
56-65-2 23722.27 1014.86 117.56 933.89 8.99
1000 o & =
800
600
400
200
5 6 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Tensile strain (Strain 1) [%]
Maximum L!I!timglte Modul Yield stress El %t'
Specimen label Load CiElS e (Offset 0.2 %) oadaton
IN] Stress [GPa] [MPa] at break
[MPa] [%]
ZAA-1 29100.86 1033.12 119.36 966.40 17.88
ZAA-2 30576.86 1024.04 122.37 957.37 17.50
ZAB-1 31361.00 1016.81 113.49 953.13 19.42
ZAB-2 31196.02 1015.30 121.71 945.45 13.47
ZAB-3 30785.44 1040.40 154.52 943.63 14.41
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DERIMITEY qllgms?l:ee Modulus Vit slivees Elon%;tion
Specimen label Load (Offset 0.2 %) 9
IN] Stress [GPa] [MPa] at break
[MPa] [%]
1 ZAB-4 32095.62 1022.87 103.68 958.18 18.59
2 ZAB-5 30401.35 1020.00 98.73 971.98 16.37
3 ZAB-6 30971.80 1034.06 105.18 975.96 18.70
X4 ZAB-7 5137.74 187.24 | - | -ee-- 0.15
5 ZAB-7 28399.78 1034.98 134.06 951.81 17.61
6 ZAB-10 30863.42 1041.10 175.76 899.19 15.87
1000
900
800
— 700
©
o
=
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4 —— spl
S 500 —— sp2hip
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& 400
g —— Bast
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Tensile strain (Strain 1) [%]
Maximum Ultimate s Yield stress EIonD/‘;tion
Specimen label Load Tensile Stress [MPa] (Offset 0.2 %) at bgreak
N] [MPa] [MPa] [%]
1 spl 29668.78 973.27 111657.22 908.88 16.82
2 sp2hip 30050.28 919.69 113171.72 848.72 14.30
3 B2S1 30544.54 917.66 109595.86 843.05 14.78
4 B3S1 30235.88 916.82 106782.81 853.64 13.77
5 B4S1 30636.57 934.73 112422.19 859.92 17.46
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Fracture Toughness Data

Metal Surface Orientation Thickness Radial height Crack Kg Kic Kr
Distance Length Curve

As-Built As-Built ZX 3 35 56 10.8 62 75

As-Built As-Built ZX 3 35 156 8.6 67

As-Built As-Built ZX 3 35 156 9.3 60 100

As-Built As-Built ZX 3 35 256 9.7 78

As-Built As-Built ZX 3 35 256 10.8 65 107

As-Built As-Built ZX 3 65 56 9.5 83 11

As-Built As-Built ZX 3 65 56 11.8 61 85

As-Built As-Built ZX 3 65 156 8.1 65 6

As-Built As-Built ZX 3 65 156 10.8 60 95

As-Built As-Built ZX 3 65 256 6.9 62 2

As-Built As-Built ZX 3 65 256 11.9 74 94

As-Built As-Built ZX 3 95 56 8.1 56

As-Built As-Built ZX 3 95 56 10.4 60 92

As-Built As-Built ZX 3 95 156 9.0 59

As-Built As-Built ZX 3 95 156 11.7 60 87

As-Built As-Built ZX 3 95 256 9.7 66

As-Built As-Built ZX 3 95 256 11.0 53 95

As-Built As-Built ZX 6 35 56 7.6 61

As-Built As-Built ZX 6 35 56 10.7 64

As-Built As-Built ZX 6 35 156 6.9 64

As-Built As-Built ZX 6 35 156 9.5 64

As-Built As-Built ZX 6 35 256 7.5 75

As-Built As-Built ZX 6 35 256 9.9 74

As-Built As-Built ZX 6 65 56 7.7 61

As-Built As-Built ZX 6 65 56 10.2 58

As-Built As-Built ZX 6 65 156 7.7 66

As-Built As-Built ZX 6 65 156 9.3 72

As-Built As-Built ZX 6 65 256 7.3 75

As-Built As-Built ZX 6 65 256 8.9 69

As-Built As-Built ZX 6 95 56 7.7 54
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Fracture Toughness Shear Lip Area

Condition Orientation Thickness Height Radial %Shear Lip Area

HIP XY 6 156 35 18.7%

HIP XY 9 56 65 14.6%

HIP XY 9 156 95 15.2%

HIP XY 12 156 35 11.9%

HIP Xz 6 56 35 21.8%

HIP XZ 6 56 95 26.7%

HIP XZ 9 56 65 19.1%

HIP Xz 12 56 35 17.7%

HIP Xz 12 56 95 16.1%

HIP ZX 6 156 95 23.5%

HIP ZX 9 56 95 19.2%

As-Built ZX 6 56 95 0.205

As-Built ZX 6 156 95 0.222

As-Built ZX 9 56 65 0.238

As-Built Xz 6 56 35 0.19
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As-Built Xz 6 256 95 0.193

As-Built XZ 9 156 65 0.135

As-Built Xz 12 56 35 0.126

As-Built Xz 12 256 65 0.09

As-Built XY 6 156 65 0.111

As-Built XY 9 56 35 0.092

As-Built XY 9 256 95 0.088

As-Built XY 12 156 95 0.103
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B — Statistical Analysis

As-Built Fracture Toughness DOE Tables and ANOVA Results

As-Built ZX Fracture Toughness RSM
Factor 1 Factor 2 Factor 3 Response 1

6 6 156 65 66

8 6 156 95 60

10 9 156 65 65

12 6 56 65 61

14 6 256 35 75

16 9 56 35 65

18 6 256 95 72

20 6 156 95 64
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Source  Sum of Squares df Mean Square F-value p-value

Model 491.27 | 4 122.82 13.98 | <0.0001 | significant
A-thickness 4253 | 1 42.53 4.84 | 0.0419

B-height 358.70 | 1 358.70 40.84 | <0.0001

C-radial 66.35| 1 66.35 7.55 | 0.0137

AB 3892 | 1 38.92 4.43 | 0.0505

Residual 149.32 | 17 8.78

Lack of Fit 9232 | 11 839 | 0.8835 | 0.5948 | not significant
Pure Error 57.00 | 6 9.50

Cor Total 640.59 | 21

Std. Dev. 296 R? 0.7669

Mean 67.14 Adjusted R* 0.7121

CV. % 4.41 Predicted R* 0.6398
Adeq Precision | 12.7307

Equation ZX AB FT=44.72+ 2.64 thickness +0.13173 height- 0.0775 radial - 0.0108 thickness
* height
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Response: ZX_AB_FT

Normal % Probability

Normal Plot of Residuals
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Intra-Build Fracture Toughness RSM ANOVA

Factor 1 Factor 2 Factor 3 Factor 4 Response 1

2 6 156 65 zX 63.7

4 6 56 95 XZ 54.8

6 9 256 95 XY 70

10 6 56 65 zX 56.5

12 6 256 35 XY 71

14 9 256 65 XZ 69

17 6 156 35 XZ 63.8

19 12 56 95 XY 64

21 6 256 35 XZ 75

23 6 156 95 XY 64

25 12 256 35 XY 74

9 156 95 XZ 60
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Source Sum of % df Mean F-value p-value

Squares Contribution Square
Model 615.79 7 87.97 19.03 | <0.0001
Thickness 18.43 3.2 1 18.43 3.99 0.0612
Height 336.31 58.6 1 | 336.31 72.75 | <0.0001
Radial 98.50 17.2 1 98.50 21.31 <0.001
distance
Orientation 88.35 15.4 2 44.18 9.56 <0.05

ZXFT =58.029 + 0.395*T + 0.059*H — 0.0838*R
XX FT=56.273+ 0.395 *T + 0.624*H — 0.0838*R
XYFT = 65148 + 0.395 *T + 0.031*H — 0.0838*R

Std. Dev.  2.14 R? 0.8547

Mean 64.54 | | Adjusted R? 0.8093
CV. % 3.31 Predicted R? 0.7146
Adeq Precision | 16.7327
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Response: toughness
Color points by value:
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HIP Fracture Toughness ANOVA

Factor 1 Factor 2 Factor 3 Factor 4 Response 1

2 6 95 56 zX 73.8

4 6 35 256 XZ 74.23

6 6 65 56 XZ 69.22

8 12 95 56 XZ 72.62

10 9 35 56 zX 78.6

12 6 95 256 XY 77.87

14 9 35 256 XY 81.53

16 12 95 56 XZ 70.45

18 12 95 156 zX 80.83

20 12 95 256 XY 81.98

22 6 95 256 zX 82.11

24 9 95 56 XY 73.93

26 9 65 256 XZ 74.54

28 12 35 156 XZ 73.85
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Source Sum of Squares df Mean Square F-value p-value
Model 509.54 | 6 84.92 | 117.63 | <0.0001 | significant
A-Thick 6241 | 1 62.41 86.45 | <0.0001
B-Radial 351 1 3.51 4.86 | 0.0388
C-Height 185.61 | 1 185.61 | 257.10 | <0.0001
D-Orientation 246.24 | 2 123.12 | 170.54 | <0.0001
C? 344 | 1 3.44 4.76 | 0.0406
Residual 15.16 | 21 0.7219
Lack of Fit 9.08 | 16 0.5675 | 0.4666 | 0.8874 | not significant
Pure Error 6.08| 5 1.22
Cor Total 524.70 | 27
Std. Dev. 0.8497 R? 0.9711
Mean 76.20 | | Adjusted R? 0.9629
CV. % 1.12 | | Predicted R? 0.9499

Adeq Precision | 39.7483
Equations:

ZX Kic =72.637+ 0.572 Thick -0.0134 Radial +0.00011 Height + 9.300e-05Height*
XZ Kic =65.415+ 0.572 Thick -0.0134 Radial +0.00011 Height + 9.300e-05Height?
XY Kic =69.695+ 0.572 Thick -0.0134 Radial +0.00011 Height + 9.300e-05Height?
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Dependent Variable: Kic
Tukey HSD

Tukey Ad-Hoc Results

As-Built Fracture Toughness

Multiple Comparisons

Mean 95% Confidence Interval

N J) Difference (I- Std. Lower Upper
Orientation  Orientation J) Error Sig. Bound Bound
XY XZ 3.67 .952 .002 1.32 6.02

ZX 2.45 .934 .036 14 4.76
XZ XY -3.67 .952 .002 -6.02 -1.32

ZX -1.22 .943 411 -3.55 1.11
ZX XY -2.45° .934 .036 -4.76 -.14

XZ 1.22 .943 411 -1.11 3.55

Based on observed means.

The error term is Mean Square(Error) = 11.997.
*. The mean difference is significant at the 0.05 level.

Dependent Variable: Kic
Tukey HSD

Multiple Comparisons

Mean 95% Confidence Interval
J) Difference (I- Lower
(I) Thickness Thickness J) Std. Error Sig. Bound Upper Bound
6 9 2.07 .853 .055 -.04 4.18
12 -1.02 1.084 .621 -3.69 1.66
9 6 -2.07 .853 .055 -4.18 .04
12 -3.09° 1.074 .020 -5.74 -.44
12 6 1.02 1.084 .621 -1.66 3.69
9 3.09° 1.074 .020 44 5.74

Based on observed means.

The error term is Mean Square(Error) = 11.997.
*. The mean difference is significant at the 0.05 level.

240



Multiple Comparisons
Dependent Variable: Kic

Tukey HSD
Mean 95% Confidence Interval
(I) Height  (J) Height Difference (I-J) Std. Error Sig. Lower Bound Upper Bound
56 156 -3.16° .860 .003 -5.28 -1.04
256 -8.60° 1.050 <.001 -11.19 -6.00
156 56 3.16° .860 .003 1.04 5.28
256 -5.43 1.066 <.001 -8.07 -2.80
256 56 8.60° 1.050 <.001 6.00 11.19
156 5.43 1.066 <.001 2.80 8.07

Based on observed means.
The error term is Mean Square(Error) = 11.997.
*. The mean difference is significant at the 0.05 level.

Multiple Comparisons
Dependent Variable: Kic

Tukey HSD
Mean Difference 95% Confidence Interval
() Radial  (J) Radial (I-J) Std. Error Sig. Lower Bound = Upper Bound
05 65 .81 .966 .681 -1.57 3.20
95 3.90° .987 .001 1.47 6.34
65 05 -.81 .966 .681 -3.20 1.57
95 3.09° .903 .005 .86 5.32
95 05 -3.90° .987 .001 -6.34 -1.47
65 -3.09° .903 .005 -5.32 -.86

Based on observed means.
The error term is Mean Square(Error) = 11.997.
*. The mean difference is significant at the 0.05 level.
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HIP Fracture Toughness

Multiple Comparisons
Dependent Variable: Kq

Tukey HSD
Mean 95% Confidence Interval

N J) Difference (I- Std. Lower Upper
Orientation  Orientation J) Error Sig. Bound Bound
XY XZ 8.18 1.073 <.001 5.54 10.82

ZX -1.24 910 374 -3.47 1.00
XZ XY -8.18 1.073 <.001 -10.82 -5.54

ZX -9.42° 1.053 <.001 -12.01 -6.83
ZX XY 1.24 910 374 -1.00 3.47

XZ 9.42° 1.053 <.001 6.83 12.01

Based on observed means.
The error term is Mean Square(Error) = 12.170.
*. The mean difference is significant at the 0.05 level.

Multiple Comparisons
Dependent Variable: Kq

Tukey HSD
Mean 95% Confidence Interval
J) Difference (I- Lower
(I) Thickness Thickness J) Std. Error Sig. Bound Upper Bound
6 9 -.05 914 .998 -2.30 219
12 -.12 1.117 .993 -2.87 2.63
9 6 .05 914 .998 -2.19 2.30
12 -.07 1.053 .998 -2.66 2.52
12 6 A2 1.117 .993 -2.63 2.87
9 .07 1.053 .998 -2.52 2.66

Based on observed means.
The error term is Mean Square(Error) = 12.170.
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Multiple Comparisons
Dependent Variable: Kq

Tukey HSD
Mean 95% Confidence Interval
(I) Height  (J) Height Difference (I-J) Std. Error Sig. Lower Bound Upper Bound
56 156 -6.82° .883 <.001 -8.99 -4.64
256 -8.86° 1.191 <.001 -11.79 -5.93
156 56 6.82" .883 <.001 4.64 8.99
256 -2.04 1.255 .249 -5.13 1.04
256 56 8.86° 1.191 <.001 5.93 11.79
156 2.04 1.255 .249 -1.04 5.13

Based on observed means.
The error term is Mean Square(Error) = 12.170.
*. The mean difference is significant at the 0.05 level.

Multiple Comparisons
Dependent Variable: Kq

Tukey HSD
Mean 95% Confidence Interval
(I) Radial (J) Radial Difference (I-J) Std. Error Sig. Lower Bound Upper Bound
o 65 .26 1.018 .964 -2.24 2.77
95 3.03 974 .011 .64 5.43
65 s -.26 1.018 .964 -2.77 2.24
95 2.77 .963 .019 40 5.14
95 s -3.03° 974 .011 -5.43 -.64
65 277 .963 .019 -5.14 -.40

Based on observed means.
The error term is Mean Square(Error) = 12.170.
*. The mean difference is significant at the 0.05 level.
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C - High Cycle Fatigue Data

thickness radial height surface orientation metal condition S N
9 35 56 Machined V HIP 400 273455
9 35 56 Machined V HIP 600 51566
9 35 56 Machined V HIP 800 27769
9 35 56 Machined V HIP 400 297362
9 35 56 Machined V HIP 300 1389905
9 35 56 Machined V HIP 350 10000000
9 65 56 Machined V HIP 600 57971
9 65 56 Machined V HIP 800 23282
9 65 56 Machined V HIP 400 222169
9 65 56 Machined V HIP 350 881832
9 95 56 Machined V HIP 600 29007
9 95 56 Machined V HIP 800 23879
9 95 56 Machined V HIP 400 321234
9 95 56 Machined V HIP 350 16789140
9 35 156 Machined V HIP 400 278555
9 35 156 Machined V HIP 600 51483
9 35 156 Machined V HIP 800 32490
9 35 156 Machined V HIP 400 257832
9 35 156 Machined V HIP 300 10432280
9 65 156 Machined V HIP 800 15470
9 65 156 Machined V HIP 600 35237
9 65 156 Machined V HIP 400 200808
9 65 156 Machined V HIP 400 136769
9 95 156 Machined V HIP 800 27917
9 95 156 Machined V HIP 600 101059
9 95 156 Machined V HIP 400 1627730
9 95 156 Machined V HIP 400 1314813
9 95 156 Machined V HIP 400 152239
6 35 56 Machined V HIP 400 2852092
6 35 56 Machined V HIP 400 930000
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6 95 156 Machined V HIP 600 27388

6 95 156 Machined V HIP 800 16746

6 AB \ HIP 600 7809

6 AB \ HIP 400 25241

6 AB \ HIP 200 552139

6 AB \ HIP 300 903500

6 AB \ HIP 580 10460

6 AB \ HIP 400 43348

6 AB \ HIP 300 104399

6 AB \ HIP 200 523284

6 AB \ HIP 300 90382

6 AB \ HIP 400 22358

6 AB \ HIP 300 95975

6 AB \ HIP 200 636428

6 AB \ HIP 300 98659

6 AB \ HIP 580 8106

6 AB \ HIP 400 36988
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Machined
Machined
Machined
Machined

r r r r r r r*r r* r r r I r* I I I I I I I I I I I I I I < < < < < <
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HIP
HIP
HIP
HIP
HIP
HIP
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB

300
300
200
200
200
300
400
800
400
550
700
550
800
400
550
700
550
400
550
700
550
700
550
700
550
700
400
400
700

700
550
700

103467
101003
986103
1623521
541159
111279
10066553
41326
10081474
137387
156048
2572613
60915
10030000
2140446
51209
3436587
10339128
3802823
47428
1271042
49778
687701
58676
3423174
141937
11347166
2556625
31959

32536
3303424
52667



O VW VU VU VU VL V VL vV VL VL VL VL VL VL VL VL VL VL VL VL V V V V V o0 O O o o o o

95
95
95
95
95
95
95
65
65
95
95
95
35
65
65
95
95
35
35
35
65
65
65
95
95
95
95
95
95
35
35
35
35

56
56
156
156
156
156
156
56
156
56
56
56
156
156
156
156
156
111
48
206
17
111
206
17
111
17
48
80
111
17
48
80
143

Machined
Machined
Machined
Machined
Machined
Machined
Machined
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
Machined
Machined
Machined
Machined

r r r r I I I I I I I I I I I I <K <K K K K £ K LK K < T®T T T T T T =T
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AB
AB
AB
AB
AB
AB
AB
HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
HIP
HIP
HIP
HIP

550
400
700
550
700
550
400
600
800
500
600
800
600
600
800
600
800
600
600
800
600
800
500
800
600
600
800
400
800
400
550
700
550

1957079
11000000
43915
186000
38081
115620
14000000
145040
78836
813481
614010
45046
432629
714965
105534
462594
144841
158429
651296
64094
542236
157808
873517
95469
577906
583044
147354
10406139
80283
198366
80959
37267
73156



a O 0O o 0o o o o o o v o

35
35
35
35
35
35
35
35
35
35
35
35

174
206

30
51
72
93
114
135
156
177
198

Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined

Ir r* r* X T* I I I T I I T
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HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP

700
400
400
550
700
400
550
700
400
700
550
550

37777
8439724
8873569

57379

27793

269934

67135

34380
1571448

21685

57036

73437



HCF Regression Equations

Model Summary
Adjusted R Std. Error of the
Model R R Square Square Estimate

1 .884° .782 .762 43623

a. Predictors: (Constant), LogRv, LogT, LogStress, LogHV,
LogrootArea, LogRz10

ANOVA?®
Model Sum of Squares df Mean Square F Sig.
1 Regression 46.327 6 7.721 40.574 <.001°
Residual 12.940 68 190
Total 59.267 74

a. Dependent Variable: LogCycles
b. Predictors: (Constant), LogRv, LogT, LogStress, LogHV, LogrootArea, LogRz10

Coefficients?

Standardized
Unstandardized Coefficients Coefficients
Model B Std. Error Beta t Sig.

1 (Constant) -17.525 11.367 -1.542 128
LogStress -5.320 441 -.836 -12.061 <.001
LogT 2.161 712 .204 3.034 .003
LogHV 11.978 4.555 .348 2.630 .011
LogrootArea 3.220 1.119 377 2.879 .005
LogRz10 3.007 1.318 1.514 2.282 .026
LogRv -4.297 1.611 -1.954 -2.668 .010

a. Dependent Variable: LogCycles
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Murakami Defect Area

Label VArea

A3_3.TIF 41.5616049
A3_3.TIF 13.3003383
A3_3.TIF 37.619051
C1_1.TIF 63.887127
C5_3.TIF 65.8355527
C5_4.TIF 53.2403982
C5_1.TIF 33.4142634
C6_1.TIF 67.8310106
C6_3.TIF 44.5190296
C6_12.TIF 43.8900217
B9 77.5826591
B9 76.2689321
B9 65.1053608
B9 56.1553203
F2_14.TIF 79.6886127
F2_14.TIF 91.5257778
F3_2.TIF 79.1305314
F3_1.TIF 52.1717644
A7_1.TIF 88.6428508
D2_5.TIF 65.0667965
E2 0
AP7_2.TIF 227.190973
S6_218 6.TIF 199.34874
s15_1.TIF 261.577826
B2S9_10.TIF 178.94087
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D — Microstructure

SEM Micrographs
ZX As-Built

HV |Spot Mag Dett WD | HFW [ HV |Spot| Mag |Det| WD HFW
kV| 2 |100 x SE|7.4 mm|1.2 mm —200 ym— W7 kV| 2 |250 x| SE |7.4 mm|490.5 um

=1 HV |Spot| Mag B R HV |Spot| Mag |Det| WD | HFW
Bea[10 kv, 3 2500 x/SE 4.9 mm 49.1 ym B2 10kv| 3 2500 x SE 4.8 mm|49.1 um

\\/ =< ."\

N .
§]| HV |Spot| Mag Det WD HFW ~i)| HV |Spot Mag [Det WD
W10 kV| 3 12500 x| SE 4.8 mm|49.1 uym W10 kV| 3 12500 x| SE 4.8 mm|49.1 um
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3 e B
[ HV |Spot| Mag Det, WD
W10 kV| 3 2500 x| SE 4.8 mm|49.1 um

e
~iJ| HV |Spol
A5 kv 3

HV Spo
kv| 3

t Mag Detl WD | HFW |
2500 x SE 5.1 mm 49.1 ym

AN

SN )’ A A & 7N
t Mag Det| WD HFW

1000 x| SE /4.9 mm|122.6 ym

I\
K‘i HV
A5 kv 3 12500 x/SE 5.1 mm|49.1 um

~il| HV |Spot|Mag |Detl WD HFW
110 kV| 4 [250 x SE 4.9 mm 490.5 um

i HV |Spot| Mag |[Det WD | HFW
1|10 kV| 3 [2500 x| SE 4.9 mm|49.1 um




7 A 3 . NS .
HV |Spot| Mag |Det, WD HFW [ i HV |Spot| Mag |[Det WD | HFW
10 kV| 3 12500 x| SE |4.9 mm|49.1 um W10 kV| 3 |2500 x| SE |4.9 mm|49.1 ym

HV |Spot| Mag Det, WD HFW ~i] HV [Spot| Mag |Det WD | HFW
10 kV| 3 12500 x| SE |4.9 mm|49.1 ym W10 kv 3 2500 x| SE 4.9 mm|49.1 um

HV |Spot| Mag Det| WD HFW . HV |Spot| Mag Det| WD HFW
Ar)

10 kV| 3 400 x/ SE 5.1 mm|306.6 um 10 kV| 3 /500 x SE 5.1 mm 245.3 ym




3 I — PR .
HV |Spot| Mag |Det| WD HFW HV |Spot| Mag |Det| WD | HFW
Br1{10kV| 3 500 x| SE 5.1 mm 245.3 ym

1)
HV |Spot| Mag |Det| WD HV |Spot| Mag \Det, WD HFW
Br1{10kV| 3 |200 x| SE |4.9 mm|613.2 um

HV |Spot| Mag Det| WD HFW [ HV |Spot| Mag Det, WD HFW

2110 kV| 3 |500 x| SE 4.9 mm|245.3 um 10 kV| 3 |1000 x| SE |4.9 mm|122.6 ym




HV Spot| Mag Det WD HFW _ HV |Spot| Mag Det. WD HFW
10kV| 3 [1000 x| SE 4.9 mm|122.6 uym BE2{10 kV| 3 [1000 x| SE |4.9 mm|122.6 ym

- —~

SOSS X 17w %
HV |Spot| Mag Det. WD i HV |SpotMag|Det, WD HFW
10kV| 3 [2500 x| SE 4.9 mm|49.1 um BE210kV| 3 |39x/SE[14.5mm|3.1 mm —500 ym—

HV |Spot| Mag bet ’vvb HFW
Br110kV| 3 /1000 x| SE 5.1 mm|122.6 um
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ZX Machined

HV |Spot Mag|Dett WD HFW
B3 kv 3 |32x|/SE10.2 mm(3.9 mm —500 pm—

TS C gty
b | () | et

HV |Spot| Mag Det| WD HFW ] ] . HV |Spot| Mag Det| WD HFW
3 kV| 3 /500 x/SE|10.2 mm 245.3 um 3 kV| 3 /500 x/SE|[10.2 mm 245.3 um
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HV |Spot| Mag |Det| WD HFW \ o WD HFW |
3kV 3 /500 x/SE[10.2 mm 245.3 um 13.4 mm|[2.1 mm| 5 () () || e

D | HFW | — ; HW |
mm 2.1 mm | ———500 pm—— A 3 10.4 mm | 968.5 pm |

WD | HEW | HFW |

10.1 mm um | e 5 () e 2 0 0 Im=—t




HV |Spot, Mag Det| WD HFW [ §)| HV Spot Mag |Dett WD HFW
W13 kv 3 /1000 x| SE [10.2 mm|122.6 um B3 kV| 3 /1000 x|SE 10.2 mm|122.6 ym

HFW | WD HFW |

1.3 um| ( e 3 10.2 mm [61.3 pm | —10 pim—

HFWY ‘

1.3 um| —10 pm—




~i | HV |Spot Mag |Det, WD HFW e il| HV Spot| Mag Det| WD HFW
ar) ar

3kV 3 /500 x SE|9.9 mm|245.3 um

o S 7 : : Sttt [ ks 0 (Y Nty Fo )

' 7

2|3 kV| 3 1000 x/SE |10.2 mm|122.6 uym
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=51 HV [Spot| Mag |Det| WD | HFW
Be2{10 kv| 4 1000 x SE 5.1 mm|122.6 um

HV |Spot| Mag [Detl WD | HFW
210 kv 4 1000 x SE 5.1 mm|122.6 um

[ HV |Spot| Mag Det| WD | HFW
210 kV| 4 |250 x/SE |5 mm|490.5 um

XZ Machined

=1 HV [Spot
Beal10kv 4

HV |Spot
10kV| 4

HV [Spot
10kv| 4

Mag Det| WD HFW
500 x| SE 5.1 mm 245.3 um

Mag Det| WD HFW
500 x| SE |5.1 mm 245.3 ym

THFW
1000 x| SE '5 mm 122.6 ym




\ X N
’°

HV |Spot| Mag |Det WD | HFW
10kV| 4 (1000 x|SE 5 mm|122.6 um

g s

R z 1Ll
HV |Spot| Mag Det| WD HFW
10kV| 4 500 x SE 5.1 mm 245.3 ym

Uyé @

i) e > Ly
HV |Spot| Mag |Det HFW
210 kV| 4 [1000 x SE 5.1 mm|122.6 um 2 {10 kV| 4 [1000 x SE 5.1 mm|122.6 i —20 ym——
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/

)
il
Al

1)
red2lad 1 Wi

s G =4 . 3 : e R CRR R E HOR R 3
[ - HV |Spot| Mag Det. WD [ - HV |Spot| Mag WD
210 kV| 4 [1000 x SE 5.2 mm|122.6 um f2{10 kV| 4 [1000 x| SE 5.1 mm|122.6 um

=31 HV |Spot| Mag [Det WD | HFW ] ] HV |Spot| Mag |Det WD | HFW
£2{10 kV| 4 [1000 x SE 5 mm|122.6 um 2|10 kV| 4 1000 x|SE '5 mm 122.6 um
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¢ PSSR W

=5 4 , v‘(/’ 0" 1 e & . e 3 3 ».\ S :\\
\, HV |Spot| Mag |Det WD \, HV |Spot| Mag Det| WD | HFW
£2[10 kV| 4 [1000 x SE 5 mm|122.6 um 2 210 kV| 4 |1000 x| SE |5 mm 122.6 ym

=1 HV |Spot| Mag |Det/ WD | B ] e HV |Spot| Mag |Det WD
£2(10 kV| 4 [1000 x SE 5 mm|122.6 um 2|10 kV| 4 1000 x|SE '5 mm 122.6 um

264



XY Machined

Z BN Sy y 3 v \

N SRR e 2 : B’ PN A (10 A \mert i
HV |Spot| Mag |Det WD | HFW [ HV |Spot| Mag Det WD | HFW
10kV| 4 1000 x| SE |5 mm 122.6 um W10 kV| 4 1000 x| SE 5 mm 122.6 um

4 SIS R R R 2l : : ! > AN 7 [ Ty | E 2
HV |Spot| Mag Det| WD | HFW HV |Spo HFW
A

0kV| 4 |500x SE|5mm|245.3 ym 10 kV| 4 /1000 x|SE |5 mm|122.6 um

N N e i NN = L
HFW HV |Spot| Mag Det WD | HFW
W1 10kV 4 1000 x| SE 5 mm|122.6 um 2 1000 x| SE '5 mm 122.6 um
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3 - - ! = 7 ~ — - S N
HV |Spot| Mag |Det WD | HFW HV |Spot| Mag Det WD | HFW
L1

\2|10kv| 4 1000 x| SE '5 mm|122.6 um Y 4 1000 x| SE '5 mm 122.6 ym

HFW ~i]| HV |Spot Mag |Det WD | HFW
210 kV 4 |1000 x| SE |5 mm 122.6 ym W10 kV| 4 1250 x SE |5 mm|490.5 um

Z o 2 W 2 p N
HV |Spot| Mag Det| WD | HFW HV |Spot| Mag Det| WD | HFW
W10 kV| 4 |250 x| SE |5 mm|490.5 um 0kV| 4 |500x SE|5mm|245.3 p
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= LS /7 z L 3 T——= \.‘:\ < .\ ARN
[ il| HV [Spot|Mag Det| WD | HFW \i HV |Spot| Mag Det. WD
L] ar

10kV| 4 |500 x SE |5 mm 245.3 pm 2|10 kV| 4 1000 x| SE 5.1 mm|122.6 um

% “N
i pot| Mag |Dett WD HFW
W1 10kV| 4 1000 x| SE 5.1 mm|122.6 um

r‘] HV |Spot| Mag |Dett WD | HFW HV |Spot| Mag |Det| WD | HFW
Br110kV, 4 |1000 x| SE 5.1 mm|122.6 ym —20 ym—— 10kV| 4 500 x| SE [5.1 mm 245.3 pm
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HFW

HFW
1000 x| SE 4.9 mm|122.6 um

1000 x| SE |5 mm|122.6 um

épot Mag |Det WD

V| 4

o
2
53
,D
o
©
=
3
Q.
12
>
I

<+
>
=
=]
=

50 pm=—

5

1000 x| SE |5.1 mm|122.6 um

HV |Spot| Mag |Det

10kV| 4




~ N AR PR
il] HV |Spot| Mag |Det| WD HFW HV |Spot| Mag |Detl WD | HFW
£3(10 kV| 4 |500 x| SE |4.9 mm 245.3 ym 10 kV| 4 1000 x| SE |5 mm|122.6 um

HV |Spot| Mag |Det| WD | HFW B ] ] ] =31 HV [Spot| Mag [Dett WD | HFW
10kV| 4 500 x SE 4.9 mm 245.3 um £3[10 kv 4 1000 x| SE 4.9 mm|122.6 ym

s s
HV |Spot
110 kV| 4 1000 x| SE /4.9 mm|122.6 um
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A Nk

Te S Wi / X ) M ;) 'th
HV Spot Mag Det WD  HFW HV Spot| Mag Det WD & HFW
5kV 4 1250 x SE 5 mm490.5 um 100 um 1j110 kV| 4 1000 x SE 5 mm 122.6 um

7

Lil| HV Spot Mag Det WD | HFW HV Spot Mag Det
ME110kV. 4 500 x SE 5 mm 245.3 um ME110kV. 4 1000 x| SE 5 mm 122.6 um

= Dt Lo N7 S ==K RS SDRNNENEN S
l HV Spot Mag Det WD HFW N HV Spot Mag Det WD HFW
ME110KkV 4 1000 x SE'5 mm 122.6 um —20 um—— W10 KV 4 2000 x SE 5 mm61.3 um —10 ym——
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HV Spot Mag Det WD HFW
2|10 kV. 4 500 x SE 5 mm245.3 ym

HV Spot Mag Det WD & HFW HV Spot Mag Det WD HFW
10kV 4 1000 x SE 5 mm 122.6 um ME10kV 4 1000 x/SE 4.9 mm/122.6 um

HV Spot Mag Det WD HFW ) ~ill HV [Spot Mag Det WD HFW
10 kV. 4 500 x/SE 4.9 mm 245.3 um ME110 kV, 4 500 x SE 4.9 mm 245.3 um




I\i HV‘Spot Mag Det WD -HFW I\ HV Spot Mag Det WD HFW
arl arl

10kV. 4 1000 x SE 4.9 mm 122.6 um 10 kV. 4 1000 x/SE 4.9 mm 122.6 um

HV Spot Mag Det WD HFW HV Spot Mag Det WD = HFW
10kV. 4 500 x SE 5 mm245.3 um BF110kV. 4 250 x SE 5 mm 490.5 um

HV Spot Mag Det WD & HFW HV Spot Mag Det WD
10kV 4 1000 x SE 5 mm 122.6 um ME110kV 4 1000 x/SE 5 mm 122.6 um




i1 HV Spot Mag Det WD HFW S ‘ " [31 HV Spot Mag Det WD HFW
AE3|10KV. 4 1000 x SE 5 mm 122.6 um 310 kv 4 1000 x SE 5 mm 1

HV Spot Mag Det WD = HFW N ] HV Spot Mag Det WD  HFW
)

2|10 kV| 4 1000 x SE 4.9 mm 122.6 um 10kV. 4 1000 x SE 4.9 mm 122.6 um
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HV Spot Mag Det WD HFW +i || HV Spot Mag Det WD HFW
1|5 kV 4 500 x/SE 5.1 mm245.3 uym W5 kV 4 500 x SE 5.1 mm245.3 um

HV Spot Mag Det WD | HFW ] B " Fi1 HV Spot Mag Det WD | HFW
2|10 kV. 4 1000 x SE 5.1 mm 122.6 um BEA[10kV 4 1000 x SE 5.1 mm 122.6 um

i I 3
HV Spot Mag Det WD = HFW HV Spot Mag Det WD & HFW
210KV 4 1000 x SE 5.1 mm 122.6 um 10KV, 4 1000 x SE 5.1 mm 122.6 um




HV Spot Mag Det WD = HFW HV Spot Mag Det WD & HFW
BF1|10kV 4 500 x SE 5.1 mm245.3 um £210kV 4 1000 x SE 5.1 mm 122.6 ym

N HV Spot| Mag Det WD HFW +i || HV Spot Mag Det WD = HFW
10kV. 4 1000 x SE 5.2 mm 122.6 um W15 kv 3 500 x SE 5 mm245.3 um

3 AR RS AN
Lil| HV Spot Mag Det WD = HFW HV Spot Mag Det WD HFW
5KV 3 500 x SE 5 mm245.3 um 10 kV. 4 1000 x SE 5 mm 122.6 um




HV Spot Mag Det WD HFW _ill HV Spot Mag Det WD HFW
£1{10kV 4 500 x SE 5 mm245.3 um BE{10 kV| 4 1000 x SE 5 mm 122.6 um

HV Spot| Mag Det WD | HFW I HV Spot Mag Det WD HFW
r r

110KV 4 500 x SE |5 mm 245.3 um €110 kV| 4 500 x SE 5mm245.3 um

1 HV Spot Mag Det WD = HFW HV Spot Mag Det WD = HFW
£3[10kV 4 500 x SE 5 mm245.3 um £1/10kV 4 500 x SE 5.1 mm 245.3 um




HV Spot Mag Det WD | HFW R B HV Spot Mag Det WD = HFW
kV. 4 500 x SE 5.2 mm245.3 um OkV 4 500 x SE 5.1 mm245.3 um 50 um

HV Spot Mag Det WD HFW HV Spot Mag DER) HFW
1|10 kV 4 500 x SE 5.1 mm 245.3 um 50 um W12 kV. 4 1000 x/SE 5.1 mm 122.6 um —20 ym——

=] HV [Spot Mag Det WD = HFW =1 HV Spot Mag Det WD = HFW
e

BEN12 KV 4 500 x SE 5.1 mm 245.3 um 12kV. 4 1000 x SE 5.1 mm 122.6 um 20 um
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S\ « =g
HV Spot Mag Det WD HFW HV Spot| Mag Det WD HFW
12 kV. 4 500 x SE 5.1 mm245.3 ym 12kV. 4 1000 x SE 5.1 mm 122.6 ym

x e . > 3 & \ "\ A
HV Spot Mag Det WD HFW HV Spot Mag Det WD HFW
ME112 kV. 4 500 x SE 5.1 mm245.3 um 12kV. 4 1000 x SE 5.1 mm 122.6 um

HV Spot Mag Det WD | HFW =51 HV [Spot Mag Det WD = HFW
AC)

12kV 4 500 x SE 5.1 mm245.3 um 12 kV. 4 1000 x/SE 5.1 mm 122.6 um




~il| HV Spot Mag Det WD HFW I\i HV Spoi Mag Det WD HFW
AF1|12 KV 4 500 x/SE 5.1 mm245.3 um Af12 kV 4 1000 x| SE 5.1 mm 122.6 um

HV Spot Mag Det WD | HFW [_'|\; HV Spot Mag Det WD = HFW
ar)

12 kV. 4 500 x SE 5.1 mm245.3 um 12 kV. 4 1000 x SE 5.1 mm 122.6 um

NN K S \ \ S V4 1’;,.".... '\' M7 Y \q‘
HV Spot Mag Det WD = HFW HV Spot Mag Det WD HFW
12kV. 4 500 x/SE 5 mm245.3 ym 12kV, 4 1000 x/SE 5 mm 122.6 ym




HV’Svpot Mag Det WD | HFW ) HV Spot Mag Det WD = HFW
kV 4 500 x SE 5 mm245.3 um 50 um kV 3 250 E 5 mm490.5 um 100 pm

Lil| HV Spot Mag Det WD = HFW HV Spot Mag Det WD HFW
1[5 kv 3 250 x SE 5 mm490.5 um ——100 pm: 10kV. 4 5 SE 5 mm 2.

Det WD HFW HV Spot Mag Det WD = HFW
1000 x SE 5 mm 122.6 ym —20 pym—— 10kV. 4 500 x SE 5 mm245.3 um 50 pm
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a-lath grain size

Type Condition Orientation Thickness Height Radial a-lath
Distance
AB AB ZX 6 56 35 1.1
AB AB ZX 6 56 35 1.07
AB AB ZX 6 56 35 0.9
AB AB ZX 6 156 95 1.16
AB AB ZX 6 156 95 0.938
AB AB ZX 6 156 95 1.18
AB AB ZX 6 156 95 0.948
AB AB ZX 6 156 95 1.3
AB AB ZX 9 56 35 1.06
AB AB ZX 9 56 35 1
AB AB ZX 9 56 95 1.01
AB AB ZX 9 56 95 1.01
AB AB ZX 9 56 95 0.97
AB AB ZX 9 56 95 0.89
AB AB ZX 9 156 65 1.23
AB AB ZX 9 156 65 1.28
AB AB ZX 9 156 65 1.26
AB AB ZX 9 156 65 1.18
AB AB ZX 9 256 35 1.32
AB AB ZX 9 256 35 1.18
AB AB ZX 9 256 35 1.28
AB AB ZX 9 256 95 1.37
AB AB ZX 9 256 95 1.34
AB AB ZX 9 256 95 1.25
AB AB ZX 9 256 95 1.23
AB AB ZX 9 256 95 1.3
Machined AB ZX 3 256 95 0.94
Machined AB ZX 3 256 95 1.04
Machined AB ZX 3 256 95 0.86
Machined AB ZX 3 256 95 1.14
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Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined

AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB

ZX
ZX
ZX
ZX
ZX
ZX
ZX
ZX
ZX
ZX
ZX
ZX
ZX
ZX
ZX
Xz
XZ
Xz
XZ
Xz
XZ
Xz
XZ
Xz
XZ
Xz
XY
XY
XY
XY
XY
XY
XY

O VU LV LV L LU L OV VU vV L vV LV LU LU U VU VU o o o o o o o o o o o o o o Ww
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256
56
56

156

156

156

156

256

256

256

256

256

256

256

256
56
56
56

156

156

156

256

256

256

256

256
56
56
56
56
56

156

156

95
35
35
35
35
35
35
35
35
35
95
95
95
95
95
35
35
35
65
65
65
95
95
95
95
95
35
35
35
35
35
65
65

0.96
1.03

11
1.23
1.18
1.13
0.86
1.07
1.14
1.18
1.36

1.33
1.23
1.25
0.93
1.22
1.12

1.16
1.21
1.16
1.19
1.19
1.15

13
1.23
1.44
1.24
1.28
1.38
1.32
1.79
1.88



Machined AB XY 9 156 65 1.88

Machined AB XY 9 156 65 1.62

Machined AB XY 9 256 95 1.74

Machined AB XY 9 256 95 1.62

HT HT ZX 3 56 35 1.13
LA . S R D
HT HT ZX 3 56 35 1.26
I R B
HIP HIP ZX 9 56 35 1.35
A - S R
HIP HIP ZX 9 56 35 1.31

HIP HIP ZX 9 156 65 1.65

HIP HIP ZX 9 156 65 1.41

HIP HIP ZX 9 256 95 1.42

HIP HIP ZX 9 256 95 1.42

HIP HIP ZX 9 256 95 1.46

HIP HIP Xz 9 56 35 1.54

HIP HIP Xz 9 56 95 1.35

HIP HIP Xz 9 56 95 1.35

HIP HIP XY 9 56 35 1.51
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1.43

35

56

XY

HIP

HIP

1.69

65

156

XY

HIP

HIP

1.78

65

156

XY

HIP

HIP

1.97

65

156

XY

HIP

HIP
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B-vol.% fraction

Type Condition Orientation  Thickness Height Radial B vol.%

HIP HIP XY 9 156 65 11.253
HIP HIP XY 9 156 65 10.955
HIP HIP ZX 9 56 35 12.591
HIP HIP ZX 9 56 35 16.328
HIP HIP ZX 9 56 35 14.368
HIP HIP ZX 9 56 35 15.524
HIP HIP ZX 9 56 35 11.875
HIP HIP ZX 9 156 65 12.544
HIP HIP ZX 9 156 65 13.645
HIP HIP ZX 9 156 65 13.54
HIP HIP ZX 9 256 95 14.235
HIP HIP ZX 9 256 95 15.627
HIP HIP ZX 9 256 95 14.898
HIP HIP Xz 9 56 35 13.7
HIP HIP Xz 9 56 35 14.8
HIP HIP Xz 9 56 35 14.8
HIP HIP Xz 9 56 35 12
HIP HIP Xz 9 56 95 12.564
HIP HIP Xz 9 56 95 11.728
HIP HIP Xz 9 56 95 12.788
HIP HIP Xz 9 56 95 14.8
HIP HIP Xz 9 56 95 15.6
HIP HIP Xz 9 56 95 13.478
HIP HIP Xz 9 56 95 13.116
HIP HIP Xz 9 56 95 15.3
HIP HIP Xz 9 56 95 14
HIP HIP XY 9 56 35 12.3
HIP HIP XY 9 56 35 13.3
HIP HIP XY 9 56 35 11.7
HIP HIP XY 9 56 35 12.9
HIP HIP XY 9 56 35 11.5
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10.853
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7.683
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10.798
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10.38
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9.485

12.106

14.662

12.071

11.921

12.167

10.725

10.433

11.428

10.604
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12.226

12.032
9.646

10.582
9.619

12.202

12.736

13.336



HIP HIP ZX 9 256 65 14.785

Machined As-Built ZX 9 156 65 11.243

Machined As-Built ZX 9 156 65 12.538
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Prior B grain Width

Type Condition Orientation Thickness Height Radial B-width

Machined AB XY 9 156 65 46.79
Machined AB XY 9 156 65 41.63
Machined AB XY 9 156 65 42.26
Machined AB XY 9 156 65 17.81
Machined AB XY 9 156 65 28.86
Machined AB XY 9 156 65 33.77
Machined AB XY 9 156 65 32.07
Machined AB XY 9 156 65 42.70
Machined AB XY 9 156 65 26.79
Machined AB XY 9 156 65 69.09
Machined AB XY 9 156 65 35.05
Machined AB XY 9 156 65 34.72
Machined AB XY 9 156 65 50
Machined AB XY 9 156 65 59.9
Machined AB XY 9 256 95 29.57
Machined AB XY 9 256 95 33.20
Machined AB XY 9 256 95 57.44
Machined AB XY 9 256 95 25.6
Machined AB XY 9 256 95 38.2
Machined AB XY 9 256 95 45.40
Machined AB XY 9 256 95 39.04
Machined AB XY 9 256 95 48.06
Machined AB XY 9 256 95 45.5
Machined AB XY 9 256 95 23.97
Machined AB XY 9 256 95 43.77
Machined AB XY 9 256 95 21.45
Machined AB XY 9 256 95 45.24
Machined AB XY 9 256 95 35.59
Machined AB XY 9 256 95 50.03
Machined AB XY 9 256 95 45.04
Machined AB XY 9 56 35 36.
Machined AB XY 9 56 35 42.89
Machined AB XY 9 56 35 29.51
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Machined AB XY 9 56 35 24.89

Machined AB XY 9 56 35 39.73

Machined AB XY 9 56 35 40.64

Machined AB XY 9 56 35 51.34

HIP HIP XY 9 56 35 30.5

HIP HIP XY 9 56 35 30.37

HIP HIP XY 9 56 35 13.13

HIP HIP XY 9 56 35 42.78

HIP HIP XY 9 56 35 57.18

HIP HIP XY 9 56 35 31.97

HIP HIP XY 9 56 35 26.06

HIP HIP XY 9 56 35 21.40

HIP HIP XY 9 156 65 24.37

HIP HIP XY 9 156 65 79.15

HIP HIP XY 9 156 65 40.62

HIP HIP XY 9 156 65 23.87

HIP HIP Xz 9 56 35 41.69

HIP HIP XZ 9 56 35 70.74
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AsBuilt AB ZX 9 256 65 34.454

HIP HIP ZX 9 56 35 67.17

HIP HIP ZX 9 56 35 21.483

HIP HIP ZX 9 56 35 47.148

HIP HIP ZX 9 56 35 69.715

HIP HIP ZX 9 56 35 43.189

HIP HIP ZX 9 156 65 49.772

HIP HIP ZX 9 156 65 48.576

HIP HIP ZX 9 256 95 55.315

HIP HIP ZX 9 256 95 36.372

HIP HIP ZX 9 256 95 15.572

HIP HIP ZX 9 256 95 45.835

HIP HIP ZX 9 256 95 48.326

HIP HIP ZX 9 256 95 24.659

HIP HIP ZX 9 256 95 56.542

Machined AB ZX 9 56 35 34.091

Machined AB ZX 9 56 35 37.69
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Microstructure 4-way ANOVA

Statistics

Factor 1 Factor 2 Factor 3 Factor 4 Response 1
Sample A: B: C:Radial  D: Orientation  a-lath thickness
Thickness Height Distance (um)
1 12 156 65 ZX 1.23
2 6 256 95 ZX 0.988
3 12 56 95 ZX 0.97
4 12 156 65 XZ 1.17
5 9 156 95 ZX 1.1
6 12 156 35 XY 1.76
7 12 56 35 XY 1.33
8 12 256 95 XZ 1.21
9 12 256 35 ZX 1.26
10 9 156 35 ZX 1.1
11 12 56 35 ZX 1.03
12 12 256 95 ZX 1.29
13 9 56 35 ZX 1.05
14 9 256 35 ZX 1.13
15 12 256 95 XY 1.76
16 9 256 95 ZX 1.23
17 12 56 35 XZ 1.07
ANOVA Table
Source Sum of Squares % Contribution ~ df Mean Square F-value p-value
Model 0.7782 6 0.1297 19.38 <0.0001
Thickness 0.0530 8.2 1 0.0530 7.92 <0.05
Height 0.1336 20.7 1 0.1336 19.97 <0.05
Radial Distance 0.0013 0.2 0.0013 0.1959 0.6675
Orient 0.4346 67.3 2 0.2173 32.48 <0.0001
H> 0.0235 3.6 1 0.0235 3.51 0.0904

Equation: ZX a-lath = 0.4138+ 0.0370*B +.00383*H — 0.000355*R -.0000082*H?
XZ a-lath = 0.385 + 0.0370*B +.00383*H — 0.000355*R -.0000082*H?>
XY a-lath = 0.848 + 0.0370*B +.00383*H — 0.000355*R -.0000082*H?>
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E - Surface Roughness

Thick Orientation Condition Surface Ra Rz10 Rz Rt Rv Rsk

9 V HIP Machined 1.163 3.685 6.8753  10.6194 3.49 -0.0766
9 V HIP Machined 0.926 2.9239 5.3301 8.6198 2.7538 -0.0758
9 V HIP Machined

9 V HIP Machined 0.8995 2.904 5.3449 8.8165 2.47 0.1885
9 V HIP Machined 1.003 3.241 5.7986 8.7385  2.8118 0.0649
9 V HIP Machined 0.9354 3.014 5.4821 8.6464 2.786 -0.087
9 V HIP Machined  0.8519 2.8134 5.0649

9 V HIP Machined 1.177 3.786 6.604 10.908 3.323 -0.0344
9 V HIP Machined  1.1869 3.6355 6.069 8.698 3.111  -0.085
9 V HIP Machined 1.24 3.889 7.828 12.103 3.3256  0.3995
9 V HIP Machined 1.245 4 7.31 12.78 3.557 0.49
9 H AB Machined 0.9338 3.0136 5.241 7.2826 2.51 0.0722
9 H AB Machined 1.104 3.536 5.928 7.625 2.955 0.0016
9 H AB Machined 1.723 9.145 11.2194 11.2194 5.4249 0.1134
9 H AB Machined  1.5107 8.553 10.536  10.5361  5.3544 -0.0006
9 H AB Machined 0.973 3.1705 5.4859 7.7545 2.809 -0.0588
9 H AB Machined 1.296 3.941 6.9095 9.288 3.362 0.0703
9 H AB Machined 1.0045 3.268 5.841 8.7418 2.983 -0.0595
9 H AB Machined 1.355 4.136 7.143 10.301 3.66 -0.0789
9 V HIP SP 1.2 3.593 6.4549 9.056 3.132 0.07
9 V HIP SP 1.12 3.89 6.853 9.893 3.571 -0.152
9 V HIP SP 1.224 4.216 6.93 9.38 3.6 -0.0817
9 V HIP SP 0.994 3.269 5.49 7.464 2.729 0.0001
9 V HIP SP 1.285 4.493 7.204 9.839 3.675 -0.0749
9 V HIP SP 1.2591 3.9979 6.504 8.58 3.265 -0.0151
9 H HIP SP 1.097 3.668 6.4762 9.593 3.398 -0.1274
9 H AB SP 1.072 3.679 6.13 8.187 3.174 -0.1165
9 H AB SP 1.075 3.604 5.95 7.922 3.116 -0.0773
9 H AB SP 1.0646 3.6504 6.145 8.7172 3.152 -0.0427
9 H AB SP 1.238 3.846 6.576 8.931 3.43 -0.0994
9 H AB SP 0.9787 3.656 5.445 7.372 2.769 -0.0472
9 H AB SP 0.8852 3.0691 5.1118 6.8929 2.538 0.0032
6 V HIP Machined  0.9097 2.668 5.221 7.8295  2.6267 -0.0584
6 V HIP Machined 0.8712 2.8219 5.261 9.8038 2.5509 0.0588
6 V HIP Machined  0.8265 2.668 5.1215 8.9194 2.457 0.1562
6 V HIP Machined 0.998 3.23 6.22 11.16 3.1 -0.0037
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HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP
HIP
AB

AB

AB

AB

HIP
HIP
HIP

Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
Machined
AB

AB

AB

0.19
0.93
1.106
1.168
1.192
1.042
1.103
0.9787
1.232
0.9256
1.025
1.429
1.116
1.066
1.0778
1.06
1.127
0.76
1.156
1.082
1.533
1.53
1.435
1.759
1.062
1.469
1.44
1.902
1.906
1.297
1.471
1.482
1.655
1.509
1.988
1.6435
9.1283
23.4134
22.5582

3.99
2.935
3.38
3.78
3.9637
3.351
3.555
3.1321
4.0161
3.041
3.231
4.45
3.747
3.513
3.4297
3.315
3.5889
2.4669
3.771
3.562
4.974
4.6386
4.3776
5.295
3.366
4.596
4.49
6.053
5.946
3.993
8.71
8.664
10.01
8.86
6.3914
10.372
18.0356
86.5887
97.958
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7.048
5.403
5.813
6.576
6.922
6.0387
7.0653
5.651
7.4075
5.1986
6.107
7.9
6.521
6.292
6.3051
5.924
6.653
4.596
6.883
6.328
9.02
8.9256
7.982
10.306
6.675
8.7917
9.47
10.908
10.501
7.514
10.8
10.686
13.017
11.456
10.664
13.5661
35.1578
119.3343
127.0614

12.54
8.792
8.356
9.7035
10.838
9.592
13.907
9.39
11.553
7.805
10.3079
11.7609
9.898
9.8145
10.412
8.436
10.879
7.72
11.596
10.202
16.2739
14.803
13.113
16.7456
11.975
13.925
17.6478
15.95
16.718
12.406
10.8
10.686
15.3986
18.16
16.442
17.5662
56.1548
119.3343
127.0614

3.646
2.644
2.8214
3.52
3.27

3
3.573
2.86
3.373
2.53
3.03
3.766
3.1784
3.09
3.326
2.966
3.62
2.453
3.46
3.33
4.181
4.49
3.93
4.61
3.235
4.1056
4.541
5.362
4.661
3.636
5.478
5.45
4.98
6.227
5.323
6.0796
16.7219
58.1451
63.0263

-0.0872
0.0966
0.1389
-0.167
0.1326
0.0171
0.0498
-0.0795
0.1884
0.0667
0.0195
0.167
0.0787
0.07
-0.2099
0.0138
-0.206
-0.2018

-0.023

-0.1095
0.2258

-0.0493

-0.0144

0.699
0.0617
0.1689

0.134
0.1396

0.328

0.115

-0.0166

0.0056

0.18
-0.037
-0.0167
0.04
0.1856

-0.0359
0.1076
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HIP
HIP
HIP
HIP
HIP
HIP
AB
AB
AB
AB
AB
AB
AB
HIP

AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB
AB

24.6637
23.5108
21.4848
23.5531
20.5075
19.6243
18.6204
18.795
20.66
16.73
17.157
16.477
16.934
19.952

104.0107
101.9635
95.3106
105.3528
87.0798
84.2498
51.7929
88.88
96.19
86.902
81.669
83.01
89.61
61.33
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149.4763
129.2111
119.1047
144.6605
128.3176
103.5835
91.554
112.35
112.87
107.49
97.39
105.18
132.26
85

149.4763
129.2111
119.1047
144.6605
128.3176
103.5835
133.2404
114.33
125
111.13
107.36
105.18
132.26
128.796

74.091
56.9794
60.9724
68.7442
62.4761
56.2352
46.4355

50.83
46.59
50.48
45.61

49.5
51.41
48.66

0.0691
0.4974
0.037
0.2532
0.1092
-0.1984
-0.0228
-0.24
0.28
-0.22
-0.35
-0.41
0.18
-0.1447



Keyence Surface Profilometry — As-Built
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Surface roughness

Measurement Original surface Areal
data name — Measured values Sa Sz Sa Sb Sv
ical
i Lm Lim Lm Lm Lim
sa sz Sq Sp Sv
pm ym um pm pm
Max. 26,6755 |294.7634 | 33.1988 | 151.6086 | 143.1547
[Min. 26,6755 |294.7634 | 33.1988 [151.6086 | 143.1547
Ave. 26,6755 |294.7634 | 33.1988 | 151.6086 | 143.1547
Std. DV | 0.0000 0.0000 | 0.0000 0.0000 0.0000
Areal |26.6755 |294.7634 |33.1988 | 151.6086 | 143.1547
3.156.2 26.6755| 294.7634| 33.1988| 151.6086| 143.1547
Sa 5z Sq 53 SV
pm um um um pm
[Max. 20.7664 |248.4134 |26.1728 | 92.7598 | 155.6536
[Min. 20.7664 |248.4134 |26.1728 | 92.7598 [155.6536
Ave. 20,7664 |248.4134 |26.1728 | 92.7598 |155.6536
Std. OV | 0.0000 0.0000 | 0.0000| 0.0000 0.0000
Areal [20.7664 |248.4134 |26.1728 | 92.7598 |155.6536
3.156_3 20.7664| 248.4134| 26.1728| 92.7598| 155.6536
[sa sz Sq [sp [sv
m um um m m
Max. 25,3579 [292.9000 [31.5312 | 113.6462 [179.2538
[Min. 25,3579 1292.9000 | 31,5312 [113.6462 | 179.2538
Ave. 25.3579 |292.9000 |31.5312 | 113.6462 | 179.2538
Std. DV | 0.0000 0.0000 | 0.0000 0.0000 0.0000
Areal [25.3579 |292.9000 |31.5312 |113.6462 |179.2538
31561 25.3579| 292.9000| 31.5312| 113.6462| 179.2538
B sz Sq Sp Sv
pm pm pm pm pm
[Max. 24,8593 |210.6510 |30.6993 | 115.4558 | 95.1952
[Min. 24,8593 |210.6510 |30.6993 | 115.4558 | 95.1952
Ave. 24,8593 |210.6510 |30.6993 | 115.4558 | 95.1952
Std. DV | 0.0000 0.0000 | 0.0000 0.0000 | 0.0000
Areal  |24.8593 |210.6510 |30.6993 |115.4558 | 95.1952
6.156.2 24.8593| 210.6510| 30.6993| 115.4558| 95.1952
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Sa S5z Sq Sp Sv
pm um um pm Em
Max. 23.6987 |371.4445 [29.9168 | 149.5027 [221.9418
Min. 23.6987 [371.4445 129.9168 | 149.5027 [221.9418
Ave. 23.6987 |371.4445 [29.9168 | 149.5027 [221.9418
Std. OV| 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
Areal |23.6987 |371.4445 |29.9168 | 149.5027 | 221.9418
61563 23.6987| 371.4445| 29.9168| 149.5027| 221.9418
Sa 5z Sq Sp Sv
pm pm pm um pm
Max. 23,8377 |244.8426 |29.8632 | 96.2497 | 148.5929
Min._|23.8377 |244.8426 |20.8632 | 96.2497 | 148.5020
Ave. 23.8377 |244.8426 |29.8632 | 96.2497 | 148.5929
Std. DV | 0.0000 0.0000 | 0.0000 00 0.0000
Areal |23.8377 |244.8426 |20.8632 | 96.2497 | 148.5029
6.156_1 23.8377| 244.8426| 29.8632| 96.2497| 148.5929
Sa Sz Sq Sp Sv
pm um um pm pm
Max. 25,7722 |213.8586 |31.9092 | 113.6602 | 100.1985
Min. _|25.7722 [213.6586 | 31.9092 | 113.6602 | 100.1985
Ave. 25,7722 |213.8586 |31.9092 | 113.6602 | 100.1985
Std. DV | 0.0000 0.0000 | 0.0000 0.0000 0.0000
Areal |25.7722 [213.6586 | 31.9092 |113.6602 |100.1985
9156 3 25.7722| 213.8586| 31.9092| 113.6602| 100.1985
Sa Sz Sq Sp Sv
pm um um pm pm
Max. | 26.4505 |280.4033 | 32.6576 | 118.8094 | 161.5938
[Min. 26.4505 [280.4033 |32.6576 |118.8094 [161.5938
Ave. 26,4505 |280.4033 |32.6576 | 118.8094 [161.5938
Std. OV| 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
Areal |26.4505 |280.4033 |32.6576 | 118.8094 |161.5938
9.156_1 26.4505| 280.4033| 32.6576| 118.8094| 161.5938
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Sa S5z Sq Sp Sv
pm um um pm Em
Max. |23.2561 |258.1228 | 29.5107 | 113.8671 | 144.2557
Min. 23.2561 [258.1228 |29.5107 | 113.8671 |144.2557
Ave. 23,2561 |258.1228 |29.5107 | 113.8671 | 144.2557
Std. OV| 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
Areal |23.2561 |258.1228 |29.5107 | 113.8671 | 144.2557
9.156_2 23.2561| 258.1228| 29.5107| 113.8671| 144.2557
Sa Sz Sq Sp Sv
pm pm um pm pm
Max. 25.6397 |247.6244 [31.9918 | 117.4163 | 130.2080
Min._|25.6307 [247.6244 | 31.0918 | 117.4163 | 130.2080
Ave. 25.6397 |247.6244 [31.9918 | 117.4163 | 130.2080
Std. DV | 0.0000 0.0000 | 0.0000 0.0000 0.0000
Areal |25.6307 [247.6244 | 31.0918 | 117.4163 | 130.2080
6.256_1 25.6397| 247.6244| 31.9918| 117.4163| 130.2080
Sa Sz Sq Sp Sv
pm um um pm [
Max. 26.2514 |414.8461 |32.7521 | 164.5467 |250.2994
Min._|26.2514 [414.8461 | 32.7521 | 164.5467 | 250.2094
Ave. 26,2514 |414.8461 |32.7521 | 164.5467 | 250.2994
Std. DV | 0.0000 0.0000 | 0.0000 0.0000 0.0000
Areal |26.2514 [414.8461 | 32.7521 | 164.5467 | 250.2994
6.256.2 26.2514| 414.8461| 32.7521| 164.5467| 250.2994
Sa Sz Sq Sp Sv
pm um um pm pm
Max. | 28.0428 | 278.6556 | 34.7888 | 127.6550 | 151.0005
[Min. 28.0428 |278.6556 |34.7888 | 127.6550 | 151.0005
Ave. 28,0428 |278.6556 | 34.7888 | 127.6550 | 151.0005
Std. OV| 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
Areal |28.0428 |278.6556 |34.7888 | 127.6550 | 151.0005
6.256_3 28.0428| 278.6556| 34.7888| 127.6550| 151.0005
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Sa S5z Sq Sp Sv
pm um um pm Em
Max. 24.8574 |354.7231 |30.6000 | 173.1792 | 181.5439
Min. 24,8574 [354.7231 |30.6000 |173.1792 |181.5439
Ave. 24,8574 |354.7231 |30.6000 | 173.1792 | 181.5439
Std. OV| 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
Areal |24.8574 |354.7231 |30.6000 | 173.1792 | 181.5439
9.256.2 24.8574| 354.7231| 30.6000| 173.1792| 181.5439
Sa 5z Sq Sp Sv
pm pm pm um pm
Max. 24,3069 |271.5735 |29.7602 | 96.3467 [175.2268
Min._|24.3060 |271.5735 |20.7602 | 96.3467 | 175.2268
Ave. 24,3069 |271.5735 |29.7602 | 96.3467 [175.2268
Std. DV | 0.0000 0.0000 | 0.0000 00 0.0000
Areal |24.3060 [271.5735 |20.7602 | 96.3467 | 175.2268
9.256_1 24.3069| 271.5735| 29.7602| 96.3467| 175.2268
Sa Sz Sq Sp Sv
pm um um pm pm
Max. 27,4643 |251.3152 | 33.6451 | 106.7631 [144.5521
Min._|27.4643 [251.3152 | 33.6451 | 106.7631 | 144.5521
Ave. 27,4643 |251.3152 |33.6451 | 106.7631 [144.5521
Std. DV | 0.0000 0.0000 | 0.0000 0.0000 0.0000
Areal |27.4643 [251.3152 |33.6451 | 106.7631 | 144.5521
92563 27.4643| 251.3152| 33.6451| 106.7631| 144.5521
Sa Sz Sq Sp Sv
pm um um pm pm
Max. |24.9341 |238.2002 | 30.5806 | 122.1689 | 116.0312
[Min. 24,8341 1238.2002 |30.5806 |122.1689 [116.0312
Ave. 24,8341 |238.2002 | 30.5806 | 122.1689 [116.0312
Std. OV| 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
Areal |24.8341 |238.2002 |30.5806 | 122.1689 |116.0312
3.256.2 24.8341| 238.2002| 30.5806| 122.1689| 116.0312
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Ra/Pa/Wa[Re/P2/Wz
pm um
Ave. 34.9569 | 200.9404
Max. | 40.1604 |236.8487
[Min. 29.7149 [ 178.5234
Std. OV| 3.8604 | 16.4231
Line 1| 30.5447 [193.9801
uine 2| 29.7149 [ 187.4095
3.156.2 Line3 | 31.4112 [186.8116
Lned | 31.4129 [178.5234
Line 5| 32.8744 [186.8705
Line 6 | 33.6634 [194.5320
Line 7_| 37.0843 [205.7130
ne 8 | 38.7006 [212.4219
Line & | 40.1604 [200.7947
lLine 10 | 39.2878 | 236.8487
tine 11| 39,6710 [217.4209
00.0000 1000.0000 0.000 3000,0000
Ra/Pa/Wa Wz
pm
Ave. 25.0484 | 174.2585
Max. | 30.0825 [260.9951
[Min. 21.8354 | 135.1867
Std. OV| 2.8872 | 35.7106
i ) Line 1| 30.0825 [ 180.3772
3000.0000 5000.000 8 Line 2 | 29.2607 |215.5114
3.1563 Line 3| 28.2075 [ 260.9951
une 4 | 24.8030 [183.2311
Line 5| 22.7176 | 150.7536
Line 6 | 22.8447 [141.2334
Line 7 | 22.1813 [135.1867
uine 8 | 22.2656 [138.9216
Line 8| 21.8354 [156.6978
Une 10 | 25.0057 | 172.9442
Line 11| 26.2385 [ 178.9910
000,000
Ra/Pa/Wa [Ra/P2/Wz
pm um
Ave. 29.5400 | 180.9214
Max. | 34.4331 [225.2301
[Min. 25.3568 | 150.6273
Std. OV| 2.8920 | 20.7077
i ) ) Line 1| 34,4331 [193.7408
5000 10000000 2000 _ 0 ne 2 | 33.0234 [196.2553
31561 Line 3| 31,0600 [225.2301
une 4 | 30.4588 [171.0019
Line 5| 28.7606 | 190.0869
une 6 | 25.3568 [170.5593
Line 7| 26.2007 [ 191.6410
Line 8| 26.4284 | 180.0464
Line 8| 27.0984 [150.6273
lLine 10 | 29.6024 | 150.6305
Line 11| 31.6080 [ 170.3068
0000 1000,0000 3000,0000
Ra/Pa/Wa [Rz/P2/W2
pm um
Ave. 31.2421 [ 197.7792
Max. | 36.2926 [254.4486
[Min. 28.0739 | 162.2735
Std. OV|2.7727 | 32.2686
Line 1| 28.0739 [162.2735
Line 2 | 28.6140 [166.2731
61562 Line 3| 20,6873 [163.4670
une a | 31.3213 [183.5395
Line 5| 31.3046 [178.1173
Uine 6_| 28.9051 |178.2239
Line 7| 28.9384 [200.0134
ine 8 | 30.6649 [207.9940
lLine 8| 34,1020 [235.0503
lLine 10 | 35.7596 | 254.4486
lLine 11| 36.2926 [246.1695
30000000
Total profl Ra/Pa/Wa
pm
[Ave. 33.0321 | 203.9568
[Max. 38.2288 [223.3167
[Min. 28.7681 | 185.4183
Std. OV| 2.5495 | 12,0552
lLine 1| 38.2288 [201.5562
une 2| 35.9515 | 187.7470
61563 Line 3| 35.0080 |211.8007
ne 4| 33.4329 [209.0821
Line 5| 31.7628 [185.4183
ne 6 | 31.4965 |192.2857
Line 7| 31.4723 [211.9484
Uine 8 | 30.6035 [199.2212
lLine 9| 28.7681 [200.2369
luine 10 | 32.5187 [ 223.3167
ltine 11| 34.1103 [220.9119
0000 1000.0000
Ra/Pa/Wa
pm
Ave. 30.1987 | 187.7361
Max. | 33.5024 [220.2470
[Min. 25.7291 | 161.1460
Std. OV| 2.3367 | 23.0030
i i Line 1| 30.6646 | 173.0716
200,000 400 5000.000 4 line 2 | 30.4605 | 184.6901
6._156_1 Line 3| 27.8080 | 166.8752
ne a | 25.7291 [173.5374
Line 5 | 27.3156 [175.8492
ine 6 | 30.0085 [ 187.7945
Line 7_| 31.6454 [213.8073
Line 8 | 33.3744 [161.1460
Line | 33.5024 [172.3808
lLine 10 | 31.6098 | 226.6984
tine 11 | 29.9771 [229.2470
.0000 1000.0000 3000,0000
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Ra/Pa/Wa |Rz2/P2/W2
pm um
Ave. | 34.1852 | 188.4749
Max._| 36.8692 [207.5082
Min. | 31.5082 [168.8239
Std. OV|_ 1,0355 | 12,4819
Line 1| 32,0513 [168.8239
Line 2 | 31.8678 [194.1819
9156 3 Gine 3| 32.5400 | 197.7262
lLine 4 32,1844 | 207.5082
Line'S | 34,0381 [184.1425
Line 6| 35.8692 | 173.4486
Line 7| 36.6240 [201.4381
Line 8| 35.3448 [198.3525
line 9 | 35,5317 [193.9181
Line 10| 34.6773 | 172.5593
lLine 11 | 31.5082
40,0000 1000.00 0,000 30000000
Tokal profle Ra/Pa/Wa
pm
lAve. [ 35.1898 [216.9737
Max. | 38.2356 |250.8355
Min. | 31.5696 [186.2109
Std. OV|~ 2.1067 | 20.5466
) ) line 1| 32.6664 |250.8355
2000.0000 5000.000 8 Line 2 | 34.2576 [187.7293
9156 1 line 3| 34.0070 [208.3000
Line 4| 34.3394 [210.2665
line 5| 31.5696 | 186.2109
Line 6| 33.2512 [213.7508
line 7 | 36.6496 [213.2600
Line 8| 37.9215 [214.1411
line & | 38.2356 [210.1484
Line 10| 37.2830 [232.3650
Gine 11 | 36.0064 [241.6943
400,0000
Ra/Pa/Wa |R2/P2Z/W2
um um
Ave. 29.8836 |172.0024
Max. | 35.2807 | 194.6003
IMin. 23.6478 | 134.5273
Std. OV|_ 3.0722 | 17.2619
i ) i line 1| 30.0038 [134.5273
5000 10000000 2000 2000 " Line 2 [ 28.5820 [152.3386
01562 line 3| 25.8620 | 155.9661
Line 4 [ 23.6478 [166.6184
line 5| 24.4086 | 185.6289
lLine 6 27,4494 |173.4629
line 7 | 32.7126 | 194.6003
Line 8| 35.2807 [185.0600
line 8| 34.5604 [174.2735
Line 10 | 33.8244 [ 184.9648
line 11 | 32.3836 | 184.5860
0000 1000.0000 3000.000¢
Ra/Pa/Wa |Rz/P2/Wz
um um
Ave, 30,5424 |197.3506
Max. | 32.4032 [220.9728
IMin. 26.5103 | 161.1884
Std. ov| 1.5753 | 16.5700
Line 1 | 26.5103 [161.1884
lLine 2 29.6602 | 186.7707
6.256_1 Line 3 | 31.2421 |212.8004
lLine 4 31,1450 [229.9728
Line'S | 31.1020 [196.0728
lLine 6 29,7781 | 200.0294
line 7| 30.0320 [201.3785
lLine 8 32,2240 |198.9319
line 9| 31.8441 [182.2718
lLine 10 | 30,0248 | 197.6855
line 11| 32.4032 [203.6641
3000.0000
Ra/Pa/Wa
pm
Ave. | 32.9514 | 208.2487
Max._| 37.0430 | 269.7158
Min._ | 28.8130 [173.4630
Std. OV|_ 2.0990 | 30.0274
line 1| 30.4276 | 190.3500
Line 2 | 30.0821 |188.1651
6.256 2 line 3| 20.3475 | 180.4610
Line 4| 28.8130 [173.4630
line S| 30.8576 | 196.7883
Line 6 | 33.0496 [253.3943
Line 7_| 34,8188 [191.3661
lLine 8 34,9912 196.3415
Line 9| 36.3549 [214.0055
lLine 10 | 37,0430 | 236.5947
[line 11| 36.6806 | 269.7158
0000 1000.0000
Ra/Pa/Wa
pm
Ave. | 36.2990 | 225.2995
Max._| 41.1764 [257.0309
Min. | 30.1618 [188.6355
Std. OV| 3.0027 | 24.2001
i i line 1| 30.7554 [257.0309
200,000 400 5000.000 4 line 2 | 41.1764 |254.5359
6.256_3 Gine 3 | 40.0105
Line 4| 41.1604 | 226.4290
Line S | 38.8317 [246.9192
Line 6 | 35.9472 |246.1828
Line 7_| 34.1624 |235.1707
Line 8| 32.5962 | 201.5660
Line 8 | 30.1616 | 204.4747
Line 10| 32.2436 | 188.6355
lline 11 | 32,3345 [190.1786
0000 1000.0000 20000000
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9.256_2

9.256_1

9.256_3

3.256.2
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Keyence Surface Profilometry — Surface Treated

Measurement Main image Main image2
data name Optical Height
A13 - low mag
A13 - high Mag
B17
G1
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Sa sz Str Spc  Sdr sq Ssk
pm  pm 1/mm pm
| Max. 1.3340 17.7400 0.659 3.9357 0.0023641 1.6893 -0.20:
Min. 13340 17.7400 |0.659 3.9357 0.0023641 1.6893 -0.20
|Ave. 13340 17.7400 0.659 3.9357 0.0023641 1.6893 -0.203
Std. DV 0.0000 0.0000 | 0.000 0.0000 0.0000000  0.0000  0.00(
|Areal 13340 17.7400 0.659 3.9357 0.0023641 1.6893 -0.20
A13 - high Mag 1.3340| 17.7400| 0.659| 1.6893| 7.2601| 10.4799
Sa sz Str Spc  Sdr sq Ssk
pm  um 1/mm pm
| Max. 1.3167 18.3800 0.623 3.9358 0.0024121 1.6718 -0.247
Min. 13167 183800 0.623 3.9358 0.0024121 1.6718 -0.247
|Ave. 13167 18.3800 0.623 3.9358 0.0024121 1.6718 -0.247
Std. DV 0.0000 0.0000 | 0.000 0.0000 0.0000000 0.0000  0.00(
|Areal 13167 18.3800 0.623 3.9358 0.0024121 1.6718 -0.247
B17 1.3167| 18.3800| 0.623| 1.6718| 7.7409| 10.6391
Sa sz Str Spc  Sdr Sq Ssk
pm  um 1/mm pm
| Max. 1.4396 17.0600 0.554 4.0800 0.0026464 1.8113 -0.106
Min.  1.4396 17.0600 0.554 4.0800 0.0026464 1.8113 -0.10¢
|Ave. 14396 17.0600 0.554 4.0800 0.0026464 1.8113 -0.108
Std. DV 0.0000 0.0000 | 0.000 0.0000 0.0000000  0.0000  0.00C
|Areal  1.4396 17.0600 0.554 4.0800 0.0026464 1.8113 -0.10¢
Gl 1.4396| 17.0600| 0.554| 1.8113| 7.6867| 9.3733
Sa sz Str Spc  Sdr sq Ssk
pm  um 1/mm pm
[Max.  1.6297 23.4100 0.436 4.4872 0.0032639 2.0916 -0.101
Min. 1.6297 23.4100 0.436 4.4872 0.0032639 2.0916 -0.101
|Ave.  1.6297 23.4100 0.436 4.4872 0.0032639 2.0916 -0.101
Std. DV 0.0000 0.0000 | 0.000 0.0000 0.0000000 0.0000  0.00(
|Areal  1.6207 23.4100 0.436 4.4872 0.0032639 2.0916 -0.101
H7 1.6297| 23.4100| 0.436| 2.0916| 11.7993| 11.6107
Sa sz Str Spc  Sdr sq Ssk
pm  um 1/mm pm
[Max. 18362 25.8900 0.409 4.9261 0.0041799 2.4014 0.162-
Min. 1.8362 25.8900 0.409 4.9261 0.0041799 2.4014 0.162
|Ave. 18362 25.8900 0.409 4.9261 0.0041799 2.4014 0.162
Std. DV 0.0000 0.0000 | 0.000 0.0000 0.0000000 0.0000 0.000
|Areal  1.8362 25.8900 0.409 4.9261 0.0041799 2.4014 0.162
HS 1.8362| 25.8900| 0.409| 2.4014| 14.3401| 11.5499
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BS

Al7

A13

C4

H3

Sa Sz Str Spc Sdr Sq Ssk

pm  ym 1/mm pm
Max.  1.5639 25.9300 0.083 3.9204 0.0023087 2.0339 -0.200
Min.  1.5639 25.9300 0.083 3.9204 0.0023087 2.0339 -0.200
Ave. 1.5639 25.9300 0.083 3.9204 0.0023087 2.0339 -0.200
Std. DV 0.0000  0.0000 0.000 0.0000 0.0000000 0.0000 0.000
Areal  1.5639 25.9300 0.083 3.9204 0.0023087 2.0339 -0.200
1.5639| 25.9300| 0.083| 2.0339| 12.9026 13.0274
Sa Sz /str spc  sdr Sq Ssk
pm  ym 1/mm m
Max. 13246 33.4200 0.316 3.8700 0.0024373 1.7947 -0.37¢
Min.  1.3246 33.4200 0.316 3.8700 0.0024373 1.7947 -0.376
Ave. 1.3246 33.4200 0.316 3.8700 0.0024373 1.7947 -0.376
Std. DV 0.0000  0.0000 0.000 0.0000 0.0000000 0.0000 0.000
Areal  1.3246 33.4200 0.316 3.8700 0.0024373 1.7947 -0.376
1.3246| 33.4200 0.316| 1.7947| 15.2030| 18.2170
Sa Sz istr spc  sdr Sq Ssk
um pm 1/mm um
Max.  2,0727 50.0800 0.053 9.3054 0.0054202 3.8179 -4.359
Min. 2.0727 50.0800 0.053 9.3054 0.0054202 3.8179 -4.35¢
Ave. 2.0727 50.0800 0.053 9.3054 0.0054202 3.8179 -4.35¢
Std. DV 0.0000  0.0000 0.000 0.0000 0.0000000 0.0000 0.000
Areal  2.0727 50.0800 0.053 9.3054 0.0054202 3.8179 -4.35¢
2.0727| 50.0800{ 0.053| 3.8179| 9.7580| 40.3220
Sa Sz istr  spc  sdr Sq Ssk
pm pm 1/mm pm
Max.  1.5819 29.7400 0.049 8.3484 0.0038322 2.3693 -2.333
Min. 1.5819 29.7400 0.049 8.3484 0.0038322 2.3693 -2.333
Ave. 1.5819 29.7400 0.049 8.3484 0.0038322 2.3693 -2.333
Std. DV 0.0000  0.0000 0.000 0.0000 0.0000000 0.0000 0.000
Areal  1.5819 29.7400 0.049 8.3484 0.0038322 2.3693 -2.333
1.5819| 29.7400 0.049( 2.3693| 7.6523| 22.0877
Sa Sz /str spc  sdr Sq Ssk
pm pm 1/mm pm
Max. 48596 93.2800 0.086 8.8658 0.0062699 8.9803 -3.787
Min. 4.8596 93.2800 0.086 8.8658 0.0062699 8.9803 -3.787
Ave.  4.8596 93.2800 0.086 8.8658 0.0062699 8.9803 -3.787
Std. DV 0.0000  0.0000 0.000 0.0000 0.0000000 0.0000 0.000
Areal  4.8596 93.2800 0.086 8.8658 0.0062699 8.9803 -3.787
4.8596| 93.2800 0.086 8.9803| 11.6288| 81.6512
Sa Sz Str Spc  Sdr Sq Ssk
pm  ym 1/mm pm
Max. 18841 43.5800 0.055 7.7625 0.0036507 3.4753 -4.121
Min. 1.8841 43.5800 0.055 7.7625 0.0036507 3.4753 -4.121
Ave. 1.8841 43.5800 0.055 7.7625 0.0036507 3.4753 -4.121
Std. DV 0.0000  0.0000 0.000 0.0000 0.0000000 0.0000 0.000
Areal  1.8841 43.5800 0.055 7.7625 0.0036507 3.4753 -4.121
1.8841| 43.5800 0.055 3.4753| 8.0732| 35.5068
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Sa Sz Str Spc  Sdr Sq Ssk
pm ym 1/mm pm
Max. 14041 61.9900 0.030 8.5045 0.0040597 2.2648 -3.203
Min. 1.4041 61.9900 0.030 8.5045 0.0040597 2.2648 -3.203
Ave. 1.4041 61.9900 0.030 8.5045 0.0040597 2.2648 -3.203
Std. DV 0.0000  0.0000 0.000 0.0000 0.0000000 0.0000 0.000
Areal  1.4041 61.9900 0.030 8.5045 0.0040597 2.2648 -3.203
B16 1.4041| 61.9900 0.030| 2.2648| 13.3213| 48.6687
Sa Sz StrSpc sdr Sq Ssk
pm ) 1/mm pm
Max.  1.2186 33.4100 0.087 8.4406 0.0037252 1.5795 -0.033
Min. 1.2186 33.4100 0.087 8.4406 0.0037252 1.5795 -0.032
Ave. 1.2186 33.4100 0.087 8.4406 0.0037252 1.5795 -0.033
Std. DV 0.0000  0.0000 | 0.000 0.0000 0.0000000 0.0000 0.000
Areal  1.2186 33.4100 0.087 8.4406 0.0037252 1.5795 -0.033
A6 1.2186| 33.4100 0.087| 1.5795| 18.7294| 14.6806
Sa Sz Str Spc Sdr Sq Sek
pm  ym 1/mm ym
Max. 55864 111.7500 0.055 12.2841 0.0108724 12.0202 -4
Min. 5.5864 111.7500 0.055 12.2841 0.0108724 12.0202 -4
Ave. 5.5864 111.7500 0.055 12.2841 0.0108724 12.0202 -4
Std. DV 0.0000 0.0000 0.000 0.0000 0.0000000 0.0000 0O
Areal  5.5864 111.7500 0.055 12.2841 0.0108724 12.0202 -4
G7 5.5864| ##### 0.055| 12.0202| 18.0830( 93.6670
Sa Sz 'StrSpc  sdr Sq Ssk
pm pm 1/mm pm
Max.  3.4667 77.0200 0.065 9.3344 0.0061565 6.7520 -4.350
Min. 3.4667 77.0200 0.065 9.3344 0.0061565 6.7520 -4.350
Ave. 3.4667 77.0200 0.065 9.3344 0.0061565 6.7520 -4.350
Std. DV 0.0000 0.0000 0.000 0.0000 0.0000000 0.0000 0.000
Areal  3.4667 77.0200 0.065 9.3344 0.0061565 6.7520 -4.350
F1 3.4667| 77.0200 0.065| 6.7520( 14.4279| 62.5921
Sa Sz 'StrSpc sdr Sq Ssk
pm pm 1/mm pm
Max. 12442 28.8300 0.091 8.9173 0.0042410 1.6685 -0.466
Min. 1.2442 28.8300 0.091 8.9179 0.0042410 1.6685 -0.46C
Ave. 1.2442 28.8300 0.091 8.9179 0.0042410 1.6685 -0.466
Std. DV 0.0000 0.0000 0.000 0.0000 0.0000000 0.0000 0.000
Areal  1.2442 28.8300 0.091 8.9179 0.0042410 1.6685 -0.460
B18 1.2442| 28.8300 0.091| 1.6685| 12.1288| 16.7012
Sa Sz Str Spc Sdr Sq Ssk
pm pm 1/mm pm
Max.  2.8302 95.5400 0.043 12.5580 0.0079448 6.0924 -5.16
Min. 2.8302 95.5400 0.043 12.5590 0.0079448 6.0924 -5.16
Ave. 2.8302 95.5400 0.043 12.5550 0.0079448 6.0924 -5.16
Std. DV 0.0000 0.0000 0.000 0.0000 0.0000000 0.0000 0.00
Areal  2.8302 95.5400 0.043 12.5590 0.0079448 6.0924 -5.16
H6 2.8302| 95.5400 0.043| 6.0924| 19.6806| 75.8594
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D7

G4

B11

A18

B12

Sa Sz Str Spc  Sdr sq  Ssk
pm  pm 1/mm pm
Max. 14705 28.8400 0.032 8.6133 0.0043880 2.0105 -1.08¢
Min. 14705 28.8400 0.032 8.6133 0.0043880 2.0105 -1.089
Ave. 14705 28.8400 0.032 8.6133 0.0043880 2.0105 -1.08¢
Std. DV 0.0000  0.0000 | 0.000 0.0000 0.0000000 0.0000 0.000
Areal 14705 28.8400 0.032 8.6133 0.0043880 2.0105 -1.089
1.4705| 28.8400| 0.032| 2.0105| 8.6604| 20.1796
Sa Sz Str Spc  Sdr Sa Ssk
pm pm 1/mm um
Max.  6.8825 104.7200 0.061 9.4673 0.0087471 14.3020 -4.2
Min.  6.8825 104.7200 0.061 9.4673 0.0087471 14.3020 -4.2
Ave.  6.8825 104.7200 0.061 9.4673 0.0087471 14.3020 -4.2
Std. DV 0.0000  0.0000 0.000 0.0000 0.0000000 0.0000 0.0
Areal  6.8825 104.7200 0.061 9.4673 0.0087471 14.3020 -4.2
6.8825| ##### 0.061| 14.3020( 11.6918| 93.0282
sa sz Str Spe  sdr Sq  Ssk
pm pm 1/mm pm
Max. 14709 22.7300 0.038 8.6310 0.0041463 1.9585
Min. 14709 22.7300 0.038 8.6310 0.0041463 1.9585 -0.
Ave. 14709 22.7300 0.038 8.6310 0.0041463 1.9585
Std. DV 0.0000  0.0000 0.000 0.0000 0.0000000  0.0000
Areal 14709 22.7300 0.038 8.6310 0.0041463 1.9585 -0.723
1.4709| 22.7300| 0.038 1.9585| 7.8767| 14.8533
Sa sz Str Spc  sdr Sq  |Ssk
pm pm 1/mm um
Max.  2.2470 108.8400 0.054 8.2485 0.0049295 4.4368 -3.07
Min.  2.2470 108.8400 0.054 8.2485 0.0049295 4.4368 -
Ave.  2.2470 108.8400 0.054 8.2485 0.0049295 4.4368 -3.
Std. DV 0.0000  0.0000 0.000 0.0000 0.0000000 0.0000
Areal  2.2470 108.8400 0.054 8.2485 0.0049295 4.4368 -3.07
2.2470| ##### 0.054| 4.4368| 63.6426| 45.1974
Sa Sz Str Spc  Sdr Sq  Ssk
pm pm 1/mm pm
Max.  1.7033 36.1500 0.045 8.5476 0.0045959 2.4810 -1.987
Min.  1.7033 36.1500 0.045 8.5476 0.0045959 2.4810 -1.987
Ave. 17033 36.1500 0.045 8.5476 0.0045959 2.4810 -1.987
Std. DV 0.0000  0.0000 | 0.000 0.0000 0.0000000 0.0000  0.000
Areal  1.7033 36.1500 0.045 8.5476 0.0045959 2.4810 -1.987
1.7033| 36.1500| 0.045| 2.4810| 10.9978| 25.1522
Sa Sz Str Spc  Sdr Sq  Ssk
pm pm 1/mm pm
Max.  3.1601 76.1100 0.051 8.7284 0.0054194 6.7416 -4.844
Min.  3.1601 76.1100 0.051 8.7284 0.0054194 6.7416 -4.84<
Ave.  3.1601 76.1100 0.051 8.7284 0.0054194 6.7416 -4.844
Std. DV 0.0000  0.0000 | 0.000 0.0000 0.0000000 0.0000  0.000
Areal  3.1601 76.1100 0.051 8.7284 0.0054194 6.7416 -4.849
3.1601| 76.1100 0.051| 6.7416| 10.5946| 65.5154
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A13 - low mag

A13 - high Mag

B17

G1

321

No. Measurement name  Measured value Unit
1 Ra 0.4325 pm
2 Rz 1.9121 pm
3 Rp 1.0537 pm
4 Ry 0.8584 pm
5 Rc pm
6 Rt 2.7852 pym
7 Rq 0.5326 pm
8 Rsk 0.5052

9 Rku 26560

10 RSm pm
11 RAq 0.0101

12 Rmr(c) 0.0000 %
13 Réc 0.7601 pm
14 Rmr 50.0000 %
15 R2IS 1.1047 pm
16 Rk 1.3564 pm
17 Mr1 11.5094 %
No. Measurement name  Measured value Unit
1 Ra 1.1385 pm
2 Rz 5.9472 ym
3 Rp 2.9038 ym
4 Rv 3.0433 pm
5 Rc 3.9674 pm
6 Rt 7.5278 um
7 Rq 1.4079 pm
8 Rk -0.0003

9 Rku 25730

10 RSm 195.0344 pm
11 RAg 0.0541

12 Rmr(c) 0.0000 %
13 Rdc 1.8762 pm
14 Rmr 50.0000 %
15 R2IS 3.5078 pm
16 Rk 3.5956 pm
17 M1 9.9472 %
No. Measurement name  Measured value Unit
1 Ra 1.2140 pm
2 Rz 6.0320 pm
3 Rp 2.8921 ym
4 Ry 3.1399 pm
5 Rc 4.6127 pm
6 Rt 8.0308 pm
7 Rq 1.4809 pm
8 Rsk 0.1355

9 Rku 23128

10 RSm 226.8889 pm
11 Rag 0.0548

12 Rmr(c) 0.0000 %
13 Rdc 2.0664 pm
14 Rmr 50.0000 %
15 R2IS 4.0105 pm
16 Rk 3.8436 pm
17 Mn 8.5125 (%
No. Measurement name  Measured value Unit
1 Ra 1.3820 pm
2 Rz 7.2051 pm
3 Rp 3.5149 pm
4 Ry 3.6902 pm
5 Rc 5.2021 pm
6 Rt 9.7250 pm
7 Rq 1.6981 pm
8 Rk -0.0522

9 Rku 25863

10 RSm 218.5523 ym
11 RAg 0.0628

12 Rmr(c) 0.0000 %
13 Rdc 2.3288 pm
14 Rmr 50.0000 %
15 RIS 4.5791 pm
16 Rk 4.4130 pm
17 M1 9.6495 %
No. Measurement name  Measured value Unit
1 Ra 1.2199 pm
2 Rz 63931 ym
3 Rp 2.9124 ym
4 Rv 3.4808 pm
5 Rc 4.2703 ym
6 Rt 8.9654 pm
7 Rq 1.5269 pm
8 Rk -0.3682

9 Rku 3.0036

10 RSm 230.0481 pm
11 Rag 0.0543

12 Rmr(c) 0.0000 %
13 Rdc 1.9053 pm
14 Rmr 50.0000 %
15 R2IS 37388 ym
16 Rk 3.5583 pm
17 M1 8.4388 (%
No. Measurement name  Measured value Unit
1 Ra 0.6666 um
2 Rz 3.4260 pm
3 Rp 1.8214 pm
4 Ry 1.6046 pm
5 Rc 2.4244 ym
6 Rt 4.7648 pm
7 Rq 0.8406 pm
8 Rsk 0.1676

9 Rku 3.0015

10 RSm 237.6283 pm
11 RAq 0.0255

12 Rmr(c) 0.0000 %
13 Rdc 1.0809 pm
14 Rmr 50.0000 %
15 R2IS 2.0110 pm
16 Rk 1.9722 pm
17 M1 13.5238 %
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RajPajWa Rz/Pz/Wz RDIS _RUPYWE Rv/Pv/Wy [Rsk/Pski¥isk Rq/PQ/Wq RKu/Pku/Wku Rp/PpWp

pm pm um um
v, 11869 60604 36355 8.6989 3.1115  -0.0852  1.4629 27381 2.9580
Max. 15235 7.2233 46740 110541 39516 02648  1.8248 3.6465  3.7565
Min 09200 45733 28113 56416 22383 -0.7234 11127 23400 2.2359
Std.DV  0.1680 0.8655 0.5322 14607 05272 02479  0.2084 03529 04784
Unel = 09719 50027 28501 74937 27668 02873 11909 26741 2.2359
Line2 12118 60041 37584 B.6285 3.0959  -0.1078 14758 24538 2.9082
lne3 11457 58200 33676 7.5068 28976  -0.0220  1.4270 28051 2.9224
Uned 13572 7.1416 39553 101439 33851 00386 16995 29609 3.7565
LineS 11983 64588 36066 8.2688 3.6680  -0.2160  1.4969 28078 2.7908
Une6 15235 7.2233 46740 101607 37743 -00559 18248 23400 34490
line7 12345 67053 34820 110541 39516  -0.7234 15722 36465 2.7537
Une8 13283 7.0140 43502 92117 32791 02648 1.6502 28457 3.7350
Line9 10365 54089 3.6296 80794 24918 00882 12752 2785 29171
Lne10 09200 45733 28113 56416 22383 00938 11127 24030 2.3350
Line 11 11284 54117 35057 9.4988 26779 -0.0101 1.3672 23969 2.7338
RajPajWa Rz/Pz/Wz DTS RUPYWE Rv/Pv/Wy [Rsk/Pski¥isk Rq/Pa/WQ RKu/Pku/Wiu Rp/PpIWp

um um um um
ve. 11770 66043 37866 10.9081 33234 -0.0344 15015 30084 3.2809
Max. 15024 92312 55478 18.9324 48027 03062 2.0640 38376 4.4285
Min 0.8639 48990 2.7432 7.0204 22370 -0.3971 10817 25377 26620
Std.DV  0.1975 12047 08005 3.2744 07656 02138 0.2678 03755 0.5307
lnel 10704 56687 33322 80702 27259 01267 13318 26873 29428
Line2 09216 57752 27432 86899 2.5093|  0.1685  1.2081 38376 3.2659
line3 08639 48990 28718 7.0204 22370 01931 10817 29998 2.6620
Lned 10195 55014 3.0207 96804 28126  -02166 12815 29897 26889
LineS 11595  6.1517 38382 89126 3.4806  -0.3971  1.4520 28878 2.6712
Lne6 11617 66845 33881 9.0581 29006 03062 1.4663 3575 3.7840
lne7 12924 7.4625 40036 12.5465 39281 00704 16969 33535 3.5344
Une8 13191 81579 46859 143753 44285 02261 17777 36848 3.7204
Line9 15924 92312 55478 18.9324 4.8027  -0.1960  2.0640 30487  4.4285
Linel0 13200 66296 41209 12.2038 3.220  -0.0036  1.6178 25377 3.3075
Line11 12263 6.4850 41005 10.4991 3.4102  -0.2034 1.5384 28977 3.0748
RajPajWa Rz/Pz/Wz RDIS _RUPYWE Rv/Pv/Wy Rsk/Pski¥isk Rq/PQ/WQ RKu/Pku/Wku Rp/PpIWp

pm pm um
ave. 10646 6.1458 36504 87172 3.4527  -0.0427 13381 29153 2.9931
Max. 12718 7.5858 4.1499 111000 3.8830 02229 1.6290 3299 4.0327
vin 0.9406 53931 33232 64781 26245 -0.2567 12027 24800 2.5348
Std.DV  0.0830 06520 02369 1.1640 03455 01442 0.1172 02602 0.3980
Linel 10213 53931 36245 64781 28583 -0.1626  1.2305 24800 25348
Line2 09406 56677 33232 7.8264 28632 00266  1.2027 3.0881  2.8245
Une3 10439 57700 35254 8.2266 29882 -0.1024  1.3041 28520 2.7818
Uned 10041 59378 35991 79627 33625 02567 12607 3.003 25753
LineS 10698 6.1114 37788 9.1677 3.041  -0.0969  1.3402 28926 3.0073
Lne6 12718  7.5858 4.1499 11.1000  3.5531 01712 1629 32998 4.0327
line7 09966 56470 33306 8.5212 26245 02229 12578 29730 3.0225
Une8 11198 7.1676 36324 101261 38830 02034 14448 32758 3.2846
Line9 11081 59860 37710 85366 29826 00487  1.3801 25818 3.0034
Une10 10363 57573 34843 93043 30627  -0.1108 12647 25882 2.6946
Line1l 10987 65507 39348 8.6393 3.0974  -0.0048  1.4047 30332 3.623
RajPajWa Rz/Pz/Wz RIS RUPYWE Rv/Pv/Wy |RSK/PSK/Wsk RQ/PQ/Wa Rku/Pku/WKu Rp/Pp/WD

pm b pm n um
Ave. 10353 59918 36062 84137 30173 -0.0309 12941 29728 2.9745
Max. 11955 66366 41571 9.9045 34370 02560 14646 34469 3.5695
vin 09303 53708 3.0476 71064 23523 -0.2934 | 11815 26425 26342
Std.DV  0.0673 03658 02782 0.7468 03046 0.1877  0.0756 02372 02939
Unel = 09303 53708 3.0476 86133 23523 02560 11815 34353 3.018
Line2 10420 62801 3.7720 80544 3.1983| 00655 13241 29791 3.0818
Une3 10016 57854 34812 7.0064 29908 -0.095 12408 27566 2.7946
Lined 09693 56165 36144 84905 28701  -0.0740 12179 31447 27464
LineS 11955 66366 4.1571 9.9045  3.0671 0.1810  1.4646 27816 3.5695
Line6 09891 55745 34751 77906 27661 -0.0353 12347 27385 2.8084
line7 10230 62877 34516 88648 34370 -0.238 13118 34469 2.8507
Une8 10946 62136 38513 80739 27297 02549 13679 28698 3.4839
Line9 ' 10737 62347 38006 89444 32011 01236 13355 29513 3.033
Unel0 10484 58292 3.6403 7.6356 31950  0.2372  1.2776 2645 26392
Line11 10207 6.0803 3.3765 90723 33828  -02934 12787 32552 2.6975
RajPajWa Rz/Pz/Wz ROIS _RUPYWE Rv/Pv/Wy Rsk/Pski¥isk Rq/Pa/WQ RKu/PKu/WKu Rp/PpIWp

pm pm um um
ve. 10970 64762 3.6680 9.5931 33981  -0.1274 13836 30671 3.0782
Max. 11920 7.1760 41547 158533 4.2828 01670  1.5688 33924 3.6930
vin 09771 55277 32862 7.4180 28572  -0.4103 12168 26969 2.6524
Std.DV  0.0614 05132 02592 2.2587 0.4201 02153 0.0931 02215 03588
Unel = 11230 68727 38763 94064 36354 02021 14217 34573 3373
Line2 | 11419 69400 34915 9.2028 39488  -0.4103 14571 33924 29912
Une3 10726 63089 33261 8.1662 32352  -0.1742 13474 29767 3.0737
Lined 10289 56919 34171 81905 29734 0093 12722 28475 2.7185
LineS 11880 67235 41547 89421 3.4773 04471  1.4810 27729 3.5462
Une6 10548 65456 37827 9.0803 37067  -03235 13407 32674 2.8389
line7 10878 59598 36666 7.4180 3.3074  -0.3814 13460 26969 2.6524
Line§ 11920 7.1760 39292 158533 4.2828  -0.3633  1.5688 33416 2.8932
Line9 11009 66640 3.6166 10.6268 3.1193 00789 13836 30108 3.5447
Linel0 1099 68283 3.8015 11.0653 3.1353 01670 1.3843 32302 3.6930
Une 11 09771 55277 32862 75724 28572 -00377 12168 30441 26705
Ra/PajWa Rz/Pz/Wiz RIS RUPYWE Rv/Pv/Wy |RSK/PSK/Wsk RQ/PQ/WaQ Rku/PKu/WKu Rp/PDIWD

bm W umpm um
Ave. 08852 5.1118 3.0691 68929 25386 00032 11113 2883 25732
Max. 09861 67540 36371 9.7930 32289 02395 12822 34474 35251
vin 07593 42461 24762 55317 20837 -0.2444 09420 26556 2.1625
Std.DV  0.0644 05991 02875 10646 02779 0155  0.0902 02144 03452
Unel = 09325 52892 3.0053 65319 2593 00354 11858 28507 2.6955
Line2 09861 67540 3.6371 97930 32289 02395 12822 34474 3.5251
Une3 | 08569 49184 30488 66140 26029 02444 10634 30397 23155
Lined 07593 42461 24762 55317 20837 00503 09420 27326 2.1625
LineS 08080 46450 28379 7.0383 23997 -0.1369 10038 28629 22453
Lne6 09803 53704 34167 7.3320 26472 00531 1.2129 27171 27231
line7 08732 51705 29801 7.1024 25833  -0.1860 10948 29886 2.5872
Line§ 08743 5.062 32498 63144 26779  -0.1803 11102 29527 24283
Line9 09146 50259 3.0754 73259 24731 01590 1.1433 27364 2.5528
Lne10 08864 48214 3.0881 60232 22748 0149 10972 26556 2.5467
Line11 08658 48822 29451 62154 23593 | 00955 10883 27358  2.5229
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RajPajWa Ry/Pz/Wz ROTS

RUPUWE Ry/Pv/Wy [RSk/PsKk/Visk RQ/Pa/WQ RKu]PKu/WKU Rp/Pp/VIp
um m um

um pm pm
ve. 12406 7.8264 3.8890 12.1036 33256 03995 16137 37984 4508
Hax, 17245 125751 52558 17.6226 46199 08589 23173 48472 8.1601
Min 08559 4.5938 28648 65762 20706 -0.1913 10581 24707 25232
SOV 03068 23240 0.8341 32761 08767 03076  0.4247 06299 15999
Unel 15584 97542 45419 172450 44412 02878 20753 44085 53130
Une2 15255  9.4516 4.4247 132602 36379 06891 19755 37804 58137
Une3 17245 125751 52558 176226 44150 08135 23173 48472 8.1601
Lined 12217 73966 42736 122941 31176 03978 15445 34328 4279
UneS 15491 9.8906 4.7498 140108 38053  0.8589  2.0490 46732 6.0853
Lne6 14000 8.5273 44433 129759 46199 01913 17905 36666 3.9074
Une7 10347 61841 32333 85255 26736 0584 13273 36013 35105
Une8 10042 68085 3.0650 100919 31074 02792 13377 3885 37911
Line9 08773 45938 2.9957 65762 20706 01307 1081 24707 25232
Une 10 08559 55258 2.9297 110629 24243 00878  1.1295 34863 3.015
Une il 08048 53146 28648 9.4747 22684 05130 1.1465 35333 30462
RajPajWa Ru/Pz/Wa RIS RUPYWE Rv/Py/Wy [RSK/PSK/WIsk Ra/Pa/Wq Rku/Pku/Wiku Rp/PpWp
um pm wm um  um m um
ve. 08995 53449 29043 88165 24797 0.1885 11527 33503 2.865
Hax, 10705 76849 3.6643 169725 35064 06224 14740 42963 41785
Hin 06827 43168 22584 65648 19884 -0.1748 08786 25460 2.2360
St.OV 01213 09502 04110 28269 04367 0.990  0.1706 05224 05644
Unel 09009 50296 29370 9.598 25165 00486 11151 2707 25131
Une2 08419 49436 27868 70151 22734 02295  1.0600 30509 26702
Une3 10383 63715 33861 104135 27540 03667 13333 34324 36174
Lined 09264 55104 30989 83283 25531 02787  1.1998 42963 29573
UneS 10080 52724 3.1880 7.4668 26951  -0.1748 12536 28216 25774
Une6 09792 58118 2.9621 94677 27975 00234 12706 35400 3.0143
Une7 08849  4.4495 25790 65848 20552 02298 1.0835 25460 2.3944
Une8 06827 43168 22904 73833 1990 01522 08786 38192 23248
Line9 08699 50223 27964 72039 19884 06224 11168 35846 3.0340
Une 10 10705  7.6849 3.6643 169725 35064 02256 14740 39363 4.1785
Une il 06917 43809 2.2584 69859 2.1448 01181 _ 0.8940 32170 2.2360
RajPajWa Ra/Pz/Wz RIS RYPUWE Rv/Pv/Wy RSk/Psk/Wisk RQ/Pa/Wa Rku/Pku/Wku Rp/Pp/Wip
um um m mpm m um
ve. 09730 54850 3.1705 7755 28098 -0.0588 12232 30058 26761
Hax. 11299 62861 38344 97532 36491 03005 13876 3893 34376
Hin 07714 42759 22400 59550 18916 -0.8359 09845 22939 2.0066
Std. OV 01188 07401 0.5390 12705 04614 03559  0.1431 04565 04965
Unel 10016 54226 29888 67998 29377  -0.2288 12424 2753 24849
Une2 | 09332 58479 32738 7.9839 36491 -0.8359 12467 38936 21988
Une3 09150 48472 27994 59550 27132 -0.3321 11346 27080  2.1341
Lined 07810 4865 23944 62408 28589 -0.5087 10109 35742 2.0066
UneS 07714 43237 22400 7.0972 20343 02679 09845 34961 22893
Lne6 08954 42759 28938 63711 16916 0.1862 10638 22939 23844
Une7 10641 62861 38110 80953 28485 02045 13514 2953 34376
Une8 11299 61180 38344 02474 31257 00112 13739 26509 29923
Une9 11253 62631 37143 97532 29445 0.162%6 13876 26285 33185
Une 10 10463 59638 3.1870 87153 3.0023  0.0360 13269 30026 29815
Uneil 1039 61107 3.7387 9.0410 29016 0.3005 1336 31086 3.2091
RajPajWa Ra/Pz/Wz RIS RYPUWE Rv/Pv/Wy RSk/Psk/Wsk RQ/PQ/WQ RkujPKu/WKu Rp/Pp/Wp.
um pm m m um
ve. 11041 59281 3.5361 7.6253 29550 00016 13632 27635 2972
Max. 1499  7.6466 48046 99864 43653 03056  1.8400 43681 39510
Hin 0.6702 41041 22406 55773 19183 0.4271 0889 23993 2,857
St.OV 02253 10901 07261 14031 06388 02211 02679 05249 05417
Unel 08904 47870 28168 58193 22992  -0.0444 10988 26135 24878
ne2 | 09847 50658 3.1824 68277 24919 0.1405 11946 24840 25738
Une3 12022 66620 3.9700 80138 31889 00637  1.4967 27271 34731
Uned 12007 67438 36274 88193 3.1502  0.746 15011 29002 3593
UneS 11612 64081 38810 7.4784 33822 -0.1241 14270 25098 3.0259
Une6 10116 54838 31927 84649 29272 03177 12566 26038 25565
Une7 06702 41041 22406 61138 19183 02789  0.8898 43681 2.1857
Une8 09261 47616 2.9035 55773 23486 00581 11120 23993 24130
Une9 1218 63711 37473 73319 32080 -0.0905 14837 24860 3.1630
Une10 13863 7.1759 45314 94459 3.2249  0.3056 16945 24950 39510
Uine 1l 1499 7.6466 4.8046 99864 43653 -0.4271 18400 2.7218 32814
RajPalWa Re/Pz/Wz RIS RUPUWE Rv/Py/Wy [ReK/PSKIVISK Ra/Pa/Wq Rku/Pku/Wku Rp/Pp/Vp
um um pm um m um
ve. 12452 73107 4.0002 12.7808 35571 00490 15790 30213 3753
Max. 17561 97907 53778 251278 5.848 03405 22111 36705 50541
Hin 08845 48511 27945 62620 23674 -0.2858 11202 24402 24078
SOV 03047 19241 09241 59211 10202 0.1644 03974 0329 09389
Unel 08845 55290 29192 98147 23874 01833 11451 36705 3.1416
Lne2 09532 51890 30543 65692 25071 00031 11769 27519 26819
Une3 00397 54182 3.0291 79569 2.628 03405  1.1677 28351 29553
Uned 13407 88902 42933 251278 41142 02020 18088 31422 47760
UneS 17561 9.7907 53778 162276 51848 02858 22111 29506 4.6059
Une6 14180 85504 45992 142132 42714 -0.0902  1.809% 35111 4.2880
Une7 15403 8.6804 4.9128 149582 43173 -0.0158 19272 29147 a3e31
Une8 15022 9.5025 48432 127021 44484 01755  2.0186 30251 50541
Line9 13853 87844 4.8076 204727 44152 00803 17854 31606 43692
Une10 09834 48511 33712 62839 24433 -0.075  1.1987 24402 2.4078
Une il 09036 52224 2.7945 62600 25763 00219  1.1202 28233 26461
RajPalWa R/Pz/Wz RIS RUPUWE Rv/Py/Wy [ReK/PSKIVISK Ra/Pa/Wq Rku/Pku/Wku Rp/Pp/Vp
um pm bm n o m m um
ve. 10045 58414 32682 87418 29833 -00595 12765 30439 28561
Max. 16420 95012 55343 131701 52047 02765 2.0701 35003 4.2965
Hin 07154 4.1807 22307 56412 19973 -0.4471 09242 28076 19904
SOV 03102 16741 10653 24965 09584 02423 03822 02298 0.7888
Unel 13092 71092 40497 98843 34773 01012 16294 29191 36320
Line2 08319 46649 26609 56412 22038 02089  1.0428 28076 24611
Une3  0.9601 58701 2.9697 129815 2.4811 02765  1.2620 35003 33890
Lined 07309 41807 2.2307 76500 19973 01705  0.9466 30572 2.835
UneS 07185 4455 24532 72076 21036 01762 09365 34148 23520
Une6 07154 44492 23050 72341 24568 -0.862 09242 32852 19904
Une7 07966 46143 25953 68939 2520  -0.1887  0.9994 31024 20922
Line8 07668 46499 24292 58368 25609  0.3274 09754 31282 2.069
Une9 11754 7.0017 41771 97601 39748  -0.4471  1.4958 34715 3.1169
Une10 14027 7.6685 45448 99002 38118  -0.0906  1.7595 29051 3.8567
Une il 16420 9.5012 55343 131701 52047 02475 20701 29916 4.2965
RajPajWa Ra/Pz/Wz RIS RYPUWE Rv/Pv[Wy RSk/PSk/Visk RQ/PQ/WQ RKu/PKU/WKU Rp/PD/VID
um pm m um m um
ve. 10727 61300 3.6799 81874 31746 01165 13373 28837 29562
Max, 12394 7.1915 43196 9.8262 37232 01090 15528 33656 34683
Hin 09698 51505 33511 68038 24946  -0.3726 11831 24657 26275
SOV 0.0730 04883 02784 10168 03456 01516  0.0927 02600 02734
Unel 11441 66031 40592 7.8480 31542 00986 14253 27585 34489
Une2 10789 62944 3473 7.6133 35446 -0.5224 13642 30377 2.74%8
Une3 10769 59849 3.5424 9.6018 32084 -0.0733 13086 26442 27765
Lined 10725 56779 36947 68806 27746 -0.0318 13064 24657 29032
UneS 11266 62641 38487 88730 36366  -0.37% 14037 30590 26275
Une6 12394 71915 4319 9.8262 37232 -0.2369 15528 28997 34683
Une7 10459 59658 33989 7.5720 30347 -0.1892 12988 28849 29312
Une8 10471 61224 35677 72949 31555 -0.1400 13165 3031 29670
Lne9 09982 60136 3.6285 89978 31553 00173 12707 3365 28583
Une10 10006 61713 35945 87502 30394  -0.1399 12801 30730 31318
Une il 09698 51505 33511 68038 24946 0.1090 11831 24965 26558
RajPajWa Ra/Pz/Wz RIS RYPUWE Rv/Pv[Wy RSk/PSk/Visk RQ/PQ/WQ RKu/PKU/WKU Rp/Pp/VIp.
um um um pm m um
ve. 09787 5.4451 33656 73729 27603 -0.0472 12144 28257 26758
Max, 10572 59450 36487 87332 31138 04204 12910 36112 32517
Min 09193 49135 30842 58167 22923 03417 11439 24552 23600
St0.DV 00496 03074 02033 09598 02480 02248 0.0527 03499 02599
Unel 00409 59450 34668 86342 30085  -0.1052 12123 36112 29365
Une2 10533 57866 35420 87332 29899 -0.1105 12910 26722 2.797
Une3 | 09230 52568 3.4025 73029 28299  -0.688  1.1439 26871 24268
Lined 09983 52531 35151 63882 26789  0.1088 12182 25452 25741
UneS 09838 56828 33694 78366 31138 03417 12343 33083 25690
Une6 10398 57107 36099 80862 24590  0.4204 12909 28915 32517
Une7 09292 55064 3.1533 80518 27538 -0.0090 11919 29938 27726
Une8 09193 54191 30842 6937 30554  -0.2017 11441 28911 23637
Lne9 10572 53806 3.6487 7.882 26192 -0.0134 12832 24566 27614
Une10 09544 50216 3.1225 60278 26615 -0.2623 11695 25703 23600
Une il 09670 49135 3.1076 58167 22923  0.2641 1179 24552 26212
RajPa/Wa Ra/Pz/Wz RIS RYPUWE Rv/Pv[Wy RSk/PskjVisk RQ/PQ/WQ RKu/PKu/WKU Rp/Pp/VIp
um pm pm pm um
Ave. 10754 59505 3.6043 79220 31165 00773 1338 27821 28340
Hax, 12438 72207 41294 94999 40748 02503 15308 31047 3.1469
Min 0.9686 52497 31984 64644 26125  -0.3903 12318 24127 25956
St.OV 00877 05227 02964 09737 04195 01751  0.1002 02097 0.1906
Unel 12438 72207 41294 94518 40748 -0.3606 15308 28564 3.1459
Une2 12126 63989 41143 94999 37834 -0.3903 14715 26241 26155
Une3 10197 54625 33684 7.2123 28669  -0.0589 12431 25920 25956
Lined 10652  6.0063 35711 8.5087 3.0764  -0.0069 13587 29311 29299
UneS 00957 58021 3.4098 80315 29647 -0.1669 12548 30384 29273
Une6 09927 57265 32737 64644 27842 02503 12374 28414 2943
Une7 | 11258 59283 37345 73505 31201 -0.1497 13765 25056 2.8082
Une8 10618 56712 3617 7.0466 29845 00412 1329 28438 26867
Line9 10134 52497 34656 71179 26125 00397 12318 24127 26373
Une 10 09686 55457 31984 7.6413 28078 0.0021 12350 31047 27379
Uneil 11302 63531 3.7644 88155 32062 00315 14134 28528 3.1469
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Ra/Pa/Wa Rz/Pz/Wz R2)IS _ RYPYWE Rv/Py/Wy Rsk/Psk/Wsk Ra/PQ/WQ Rku/Pku/Wku Rp/PPWD.

um pm um
Ave. 09943 54972 32698 7.4644 27295 00001 12314 27625 27676
Max. 10892 66110 3.7199 97421  3.0722 02070 1.3792 32050 3.5388
Min 0.8885 48119 28241 59370 23323 -0.2199  1.1057 24003 2.2306
Std. DV 0.0646 05374 03130 11492  0.2489 0.1566  0.0857 02153 03656
Llinel 10844 66110 3.6918 9.7421 3.0722 01961 13792 32050 35388
Line2 10892 59506 3.7199 7.4938  2.7290 01600 1.3450 27557 3.2216
line3 10246 6.0570 3.5029 7.9731  3.0114 0.0514 | 1.2808 30750 3.0455
Lined 09437 48119 3.1013 62037  2.3820 0.0455  1.1458 24003 24299
Lline5 08885 4.8136 2.8241 59370  2.5829 02199 1.1057 26427 22306
Line6 09993 56644 29215 9.0241  2.8791 0.0067  1.2423 26905 2.7853
line7 09600 52843 3.3478 67073  2.4632 02070 1.2023 28024 28211
Line8  1.0475 57317 3.5955 84583  2.9788 00654 1.2941 26543 2.7529
Line9 08977 5.0042 2.8838 6.6647 2.3323 01380 1.1102 28859 26718
Line10 09831 53258 3.289 69369 2.8973 1.2027 26932 24285
Line 11 10192 52147 3.0892 6.9673 _ 2.6968 12376 25829 2.5180
Ra/Pa/Wa Rz/Pz/Wz RIS RUPYWT Rv/Pv/Wy |RSK/PSk/Visk RQ/PQ/WQ RKu/PKu/WKU Rp/PpIVp

pm pm pm um um
Ave. 11249 68533 38999 9.8937 35711 -0.1525  1.4306 32045 3.2822
Max. 12377 7.6444 42485 12.9600 4.2437 0.1840 15736 37375 3757
Min 10064 56748 34675 80935 3.0479  -0.4760 13101 26708 2.6269
Std. DV 0.0612 06196 0.2441 13241 03919 0.1825 00767 03914 03457
lnel 12377 73385 42485 99231 39774  -0.0681 1573 36442 3.3611
Line2 11033 67836 39041 93228 35234  -0.0351 14073 30701 3.2601
line3  1.1465 7.2348 4.2303 129600  3.5659 01220 14732 31801 3.6689
Lined 10551 56748 36765 87904 30479 02231 13108 27308 2.6269
Line5  1.1708 7.6444 3.5583 107727 42437 02794 14971 35883 3.4008
Lline6 10850 7.2831 3.7861 115027 35731  -0.0027 13926 35676 3.7100
Line7  1.0064 6.5047 34675 95277 3595  -0.4760 13101 34368 2.9082
Line8  1.1455 7.5200 4.0628 92917 4.1613 04347 14787 37375 3.3677
Line9  1.0914 59688 39138 87798 30662  -0.1061 13749 26708 2.9026
Lnel0 11656 63678 4.0366 80935 32231  -0.1129 14665 26734 3.1447
Line 11 1.1663 7.0568 4.0138 9.8661 33042 0.1840 14520 2949 3.7527
Ra/Pa/Wa Rz/Pz/Wz RIS RUPYVWIT Rv/Pv/Wy RsK/PSk/Visk RQ/PQ/WQ RKU/PKu/WKU Rp/PPIWp

um b um um um
Ave. 12856 7.2047 44932 9.8396 36754 -0.0749 15912 27488 3.5293
Max. 13866 8.0413 49438 122657 4.2729 02369 16970 3.0075  4.1819
Min L1605 63983 36621 82142  3.705  -0.4417 14255 25287 3.0635
Std. DV 0.0679 04793 0.3650 1.1132 03260 0.1804 00884 01505 03172
Llinel 12793 73415 4.5272 122657 4.1609 04417 15827 28642 3.1807
Line2 11605 65395 3.6621 93949 34760  -0.1674 14255 28739 3.0635
line3 13108 73366 4.3715 99502  3.4802 0239 16108 27017 3.8564
Lined 13543  7.1412 47832 94961 37646 -0.0783 16598 25287 3.3766
Line5 13866 7.1676 4.9438 86415 37193 02104 16791 26073 3.4483
Lline6 13360 7.8965 4.7905 108374 42729 -0.2637 16970 3.0038  3.6237
line7 12950 7.1688 4.5995 88372 37082  -0.0834 15865 25827 3.4606
Lne8 13026 7.4225 4.6875 9.5450 3.5768 01075 16405 27652 3.8457
Line9 12316 67979 4.4738 101339 32405 00224 15203 26262 3.5575
Lnel0 13119 8.0413 4.6490 109194 38595 0.0208 16588 3.0075  4.1819
Line 11 11718 63983 3.9371 82142 31705 00338 14419 26751 3.2278
Ra/Pa/Wa Rz/Pz/Wz RIS RUPYWT Rv/Pv/Wy RsK/PSk/Visk RQ/PQ/WQ RKU/PKU/WKU Rp/PpIWp

um um um um um
Ave. 12249 69336 42163 93873 36055 -0.0817 15248 28089 3.3281
Max. 14054 7.7131 46975 12.9269  4.1454 00601 17218 32243 3.9860
Min 10385 61549 33693 80393 3018 -0.2120 12999 26174 3.0176
St.DV  0.0928 0.5020 0.3726 13632 03143 00889 0.1114 01764 02753
lnel 12170 67270 44609 93390 3.4914 0.1497 15015 26562 3.2355
Line2 12506 7.3628 4.3426 94657 38591  -0.1015 15842 28550 3.5037
line3 14054 77131 46952 109157 4.1454 0.1677 17218 26595 3.5677
Lined 11917 64533 39731 87094 32941 -0.0009 14683 26174 3.1592
Line5 11911 65474 4.2784 87785 34753 02120 14727 27653 3.0721
lne6 13177 7.3528 4.3528 97441 39504  -0.0739 16192 27558 3.4024
line7 11731 7.1493 38899 81729 39685  -0.1738 14998 32243 3.1808
Lne8 11508 6.4103 3.9615 84500 33928 01202 14216 27239 3.0176
Line9 13092 7.5055 4.6975 129269  3.6095 00209 16547 28794 3.9860
Lnel0 12203 68036 4.3579 87102 33725 0.0601 15286 27103 34312
Line 11 10385 6.1549 3.3693 8.0393 3.1018 0.0205 12999 30512 3.0531




F - Fractography

Fracture Toughness

ZX As-Built
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B X 2 )
HV |Spot Mag Det| WD HFW
10kV| 3 100 x/SE|13.2 mm|1.2 mm

\" e N S
HV |Spot Mag |Dett WD HFW

- H\/ époi Mag Det|
£2(10 kv 3 200 x/SE |13.2 mm|613.2 um 210 kV| 3 |100 x/SE|13.2 mm/1.2 mm —200 ym—
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=31 HV |Spot| Mag |Det| WD
BFY10kV| 3 1479 x| SE[12.6 mm|255.9 uym
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XZ As-Built
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i HV [SpotMagDet WD |HFW “i] HV Spot Mag Det WD HFW
MEY10kV. 3 75x SE 11.7 mm4 mm 1 mm - £2{10kV 3 302 x SE/11.9 mm/1 mm

=31 HV Spot Mag Det WD | HFW ) =31 HV Spot Mag Det WD | HFW
BE2[10kV 3 800 x SE 12 mm379.1 ym BEA[10KkV 3 800 x SE 12 mm379.1 um

- HV S'pot Mag Det WD HFW - HV Spot Mag Det WD HFW
£1]10 kV. 3 1800 x SE 12 mm 379.1 um £1]10 kV. 3 400 x SE 12 mm 758.1 um
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HV SpotMagDet WD HFW \ HV SpotMagDet WD HFW
10kV. 3 75 x SE 12 mm4 mm 1 mm AFY10kV. 3 75x SE 12.1 mm4.1 mm 1 mm

Mag Det WD HFW - HV Spot| Mag Det WD HFW
WME110kV. 3 5010 x SE |11.4 mm 60.5 um

HV ‘Svpot
10kV. 3 626 x| SE 11.3 mm 484.3 um

= = B

HV Spot| Mag Det WD HFW - HV Spot Mag Det WD HFW
1{10 kV, 3 110020 x SE 11.5 mm 30.3 um ME110kV. 3 10020 x/SE 11.4 mm 30.3 um
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e S s S
.il| HV SpotMagDet WD HFW HV Spot Mag Det WD HFW
Wr10kV 3 76 x/SE 11.1 mm4 mm —500 um— BF110kV 3 1306 x SE 11 mm/992.5 um

oL
ME10kV 3 77 x/SE 10.8 mm 3.9 mm

HV SpotMagDet WD HFW I HV Spot/Mag Det WD HFW
r

M2|10 kv 3 308 x SE 10.9 mm 985.5 um

o i o SESRR W L 2
.il| HV Spot Mag Det WD HFW .il| HV Spot Mag Det WD HFW
ME10kV 3 615x SE 11.1 mm493.5 um ME10kV 3 1229 x/SE 11.1 mm246.8 um
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HV Spot| Mag Det WD HFW HV Spot| Mag Det WD HFW
0kV 3 11229 x SE 11.1 mm246.8 um - 10 kV. 3 1229 x| SE 10.9 mm 246.8 ym

<il| HV Spot Mag Dett WD HFW| ) «il| HV SpotMagDet WD HFW
BE110kV. 3 153 x' SE 10.9 mm2 mm K 3 76 x SE 11.5 mm4 mm 500 pum

il HV Spot Mag Det WD | HFW ;] HV Spot Mag Det WD = HFW
£1]10 kV. 3 1304 x/SE 11.6 mm 996.9 um £1]10 kV. 3 400 x/SE 11.2 mm 758.1 um
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\i HV Spot Mag Det WD | HFW I HV Spot Mag Det WD | HFW
ar) arl

10kV. 3 1800 x/SE 11.3 mm 379.1 um 10kV. 3 160 x/SE 10 mm 1.9 mm

\ HV Spot Mag Det WD HFW ~ill HV [SpotMagDet WD = HFW
BME1|10kV. 3 100 x/SE /10 mm3 mm BFY10kV. 3 78 x SE 9.9 mm 3.9 mm

HV SpotMagDet WD '@ HFW
3 78 x/SE 9.9 mm 3.9 mm
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XY As-Built

~i] HV SpotMagDet WD HFW ~il| HV [SpotMagDet WD HFW
BF110kV. 3 77 x SE 10.6 mm 3.9 mm BF110kV. 3 77 x/SE 10.7 mm3.9 mm

- HV SpotMagDet WD HFW - HV SpotMagDet WD HFW
E110kV. 3 77 x SE11.2 mm3.9 mm —500 pm— £2]10kV. 3 77 x SE 10.9 mm3.9 mm

\, HV Spot Mag Det WD HFW I i 7H‘\/ Spot Mag Det WD HFW
ME110KkV 3 308 x SE 10.9 mm984.1 um ——200 um ME110kV 3 616 x SE11.4 mm492.1 um ——100 um
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=51 HV Spot Mag Det WD | HFW | ] =1 HV Spot Mag Det WD & HFW
BE3| 10KV 3 616 x SE 11.4 mm492.1 ym BE3|10KkV. 3 2000 x SE 11.3 mm 151.6 um

3 4K X
Y 3 A s \ 72 %
HV Spot| Mag Det WD HFW - HV Spot/Mag Det WD HFW
0 Ar)

\2|10 kV. 3 1000 x SE 11.3 mm 303.3 um 10kV 3 609 x SE 11.3 mm 498 um

2L T a ~ A » : v - ¥ = A
il HV Spot Mag Det WD i V' Spot Mag Det W
ME2[10 KV, 3 2436 x SE 11.4 mm 124.5 um WE1[10kV 3 2642 x SE 8.6 mm 114.8 um
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HV Spot Mag Det WD = HFW ~i] HV Spot Mag Det WD | HFW
0OkV 3 1321 x SE 8.6 mm229.6 um - F110kV 3 162 x/SE 8.5 mm/1.9 mm

- =

«il| HV Spot Mag Det WD HFW ~il| HV [SpotMagDet WD HFW
ME10kV 3 162 x SE 8.5 mm3 mm ME10kV 3 74 x/SE 12.6 mm4.1 mm

.il| HV SpotMagDet WD HFW .il| HV SpotMagDet WD | HFW
ME10kV 3 74 x/SE 12.6 mm4.1 mm ME10kV 3 74 x/SE 12.8 mm4.1 mm
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HV SpotMagDet WD HFW
BE110kV. 3 74 x SE 12.9 mm4.1 mm 1 mm

b

OkV 3 297 x SE 8.8 mm1 mm

HV Spot Mag Det WD HFW I HV Spot| Mag Det WD HFW
r

210KV 3 1000 x SE 8.9 mm 303.3 um

Lil| HV Spot Mag Det WD | HFW ~il| HV Spot Mag Det WD HFW
ME10kV 3 164 x SE 8 mm/1.8 mm 200 um ME10kV 3 656 x SE 8.1 mm462.3 um

339



HV Spot Mag Det WD HFW ) ) \ HV Spot Mag Det WD HFW
10kV. 3 626 x/SE 10.7 mm 484.3 um —100 pm BF10kV 3 157 x SE 10.7 mm 1.9 mm

N

B v Red
- HV Spot| Mag Det WD HFW
2]110 kV| 3 5010 x SE 10.8 mm60.5 um
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.ill HV SpotMagDet WD = HFW \ HV Spot Mag Det WD | HFW
ME10kV 4 34 x SE 7.4 mm 3.6 mm BE10kV 4 100 x SE 7.4 mm/1.2 mm —200 pm—

HV Spot Mag Det WD HFW ~ill HV [SpotMagDet WD = HFW
1|10 kV| 4 1400 x| SE 7.6 mm306.6 um MF110kV. 4 33 x SE 7.8 mm3.7 mm

HV SpotMagDet WD & HFW .HV Spot Mag Det WD HFW
2{10kV| 4 75x/SE 7.5 mm 1.6 mm 10 kV 4 300 x SE 7.6 mm 408.8 um




*

HV Spot/Mag Det WD HFW ] . .il| HV [SpotMagDet WD ' HFW
W10 kV 4 300 x SE 7.2 mm408.8 ym BF10kV 4 75x SE7.2mm1.6 mm

WD | HFW =31 HV Spot Mag Det WD | HFW
2|10 kv, 4 34 x SE 7.2 mm 3.6 mm BE2[10KV 4 200 x SE 6.8 mm613.2 um

-~ 1 ~ N1
HV Spot Mag Det WD @ HFW HV Spot Mag Det WD HFW
2|10 kV| 4 4558 x SE 7.4 mm26.9 um 10kV. 4 1140 x SE 7.4 mm 107.6 um




+il| HV SpotMagDet D HFW ~il| HV Spot Mag Det WD HFW
F110kV 4 34 x SE mm 3.6 mm F1[10kV. 4 400 x/SE 7.5 mm 306.6 um 50 um

.il| HV Spot Mag Det WD HFW HV Spot/Mag Det WD HFW
BE1|10kV 4 400 x SE 7.8 mm306.6 um 50 um OKkV 4 400 x SE 7.9 mm306.6 um 50 um

% \ % Fak 077 DT

HV Spot Mag Det WD HFW - HV Spot Mag Det WD HFW
E110kV. 4 200 x SE 7.8 mm613.2 um £1]10 kV. 4 800 x SE 7.9 mm153.3 um
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HV Spot| Mag Det WD .ill HV Spot Mag Det WD HFW
BMEY10kV, 4 1600 x/SE 7.9 mm 76.6 um ME110kV 4 200 x SE 7.8 mm613.2 um

- HV SpotMagDet WD ' HFW N HV Spot Mag Det WD HFW
£110kV. 4 50 x SE 7.8 mm2.5 mm ME110kV 4 400 x SE 7.7 mm 306.6 um

HV SpotMagDet WD | HFW .il| HV SpotMagDet WD | HFW
10kV 4 33 x SE 7.7 mm3.7 mm ME10kV 4 34 x SE 7.3 mm3.6 mm




N‘.. 3

7 2 S :

=1 HV Spot Mag Det WD = HFW
0KV, 4 100 x SE 6.1 mm 1.2 mm BEA10kV. 4 400 x SE 6.2 mm 306.6 um

HV Spot Mag Det WD | HFW

HV Spot Mag Det WD T HFW il HV Sbot Mag Det WD HFW
W10 kV 4 400 x SE 6.1 mm306.6 um W10 kV 4 2000 x/ SE 6 mm61.3 um
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Lil| HV SpotMagDet WD | HFW \ HV Spot/Mag Det WD HFW
Br10kV 4 |35x/SE 5.9 mm 3.5 mm BF110kV. 4 200 x 5.9 mm613.2 um —100 ym—

Sl

23 % A w s ¢ N S 2 = AN
\ HV Spot Mag Det WD HFW <il| HV [Spot Mag Det WD  HFW
€110 kV. 4 200 x/SE 5.9 mm613.2 um 100 um BE1[10kV 4 1600 x SE 6 mm 76.6 um
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HV SpotMagDet WD HFW .il| HV Spot Mag Det WD HFW
1]10kV| 4 60 x/SE 12.2 mm2 mm 500 pm £1)10kV. 4 1935 x SE 12.2 mm63.4 um

HV SpotMagDet WD HV Spot Mag Det WD = HFW
£110kV. 4 30 x SE 12.3 mm4.1 mm £1]10kV. 4 150 x' SE 12.4 mm817.6 um

'Spot Mag Det WD = HFW
£210kV. 4 150 x SE 12.2 mm817.6 um £1|10 kv 4 300 x SE 12.2 mm408.8 um




‘; HV SpotMagDet WD = HFW
f110kV 4 75 x SE 12.5 mm/1.6 mm

HV Spot Mag Detv

WD | HFW
OKV 4 150 x SE 1

5 mm817.6 um

i1 HV SpotMagDet WD | HFW
E110kV 4 2 SE 12.6 mm613.2 um

.il| HV SpotMagDet WD HFW
100 um F110kV. 4 30 x SE 12.8 mm4.1 mm

1 mm

348



OkV 4 120 x SE 12.6 mm1 mm

HV SpotMag Det WD HFW N ~ F.il HV Spot Mag Det WD | HFW
Ne

10kV. 4 200 x/SE 12.5 mm613.2 um

&7
) X 8

i SRS NS k > y §
HV Spot Mag Det WD - HV SpotMagDet WD HFW
OkV 4 200xSE 12.6 mm613.2 um 100 pum OkV 4 30xSE 126 mm4.1 mm
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High Cycle Fatigue

As-Built + STHIP
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2 Ao
HV SpotMagDet WD HFW i) Hv %pot Mag WD HFW
ar

L
BE[10kV 4 29 x SE 15.2 mm4.3 mm 10kV. 4 100 x/SE 15.1 mm/1

$ { I S5t A -" v
73] HV Spot Mag Det’ WD | HFW | ~i] HV Spot Mag Det WD | HFW
Br1[10kV. 4 100 x SE 15 mm 1.2 mm Br1[10kV. 4 400 x SE 12.8 mm306.6 um
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5 ( Q. .
\ HV Spot Mag Det WD HV Spot Mag Det WD HFW
BF10kV 4 500 x SE 12.7 mm245.3 ym kV 4 12000 x SE 12.7 mm61.3 um

N 0o

10kV 4 100 x SE 12.4 mm 1.2 mm

e ) 9’ =2, /
HV Spot Mag Det WD HFW HV Spot Mag Det WD HFW
Ar) Ar)

10kV. 4 250 x| SE 12.7 mm 490.5 um

" o L 3 37 " . 2 & = & < A e Sl
~i]| HV SpotMagDet WD | HFW <il| HV Spot Mag Det WD HFW
ME110kV. 4 50 x SE 12.8 mm2.5 mm 110 kV) 4 400 x| SE 12.5 mm 306.6 um
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=1 HV Spot Mag Det WD HFW "HV Spot Mag Det WD | HFW
el

10kV. 4 120 x/SE 12.4 mm 1 mm kV 4 1300 x SE 12.6 mm 408.8 um

R AR B e PN e 5 Rl SRR 3
HV Spot/Mag Det WD HFW «il| HV SpotMagDet WD HFW
10kV. 4 240 x/SE 12.6 mm 511.9 um BEY10kV 4 31 x SE 10.9 mm4 mm

~il| HV Spot Mag Det ) il HV Spotb Mag Det HFW
ME110kV, 4 128 x SE 10 mm 960.8 um ME110kV. 4 1000 x/SE 10.2 mm 122.6 um.
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HV SpotMagDet WD | HFW HV Spot Mag Det WD = HFW
210kV 4 63 x SE 10.3 mm 1.9 mm 2]10kV 4 150 x SE 10.2 mm 817.6 um

HV SpotMagDet WD HFW HV SpotMagDet WD '@ HFW
1|10 kV| 4 32 x/SE 10.2 mm 3.9 mm 2j10kV 4 33 x/SE 7.6 mm 3.7 mm

Lil| HV SpotMagDet WD | HFW - HV Spét MagDet WD | HFW
ME10kV 4 33 x/SE 8.1 mm3.7 mm MF10kV 4 33x SE7.7mm3.7 mm
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Lil| HV Spot Mag Det WD | HFW - HV SpotMagDet WD @ HFW
BE110kV. 4 100 x SE 8.7 mm 1.2 mm ME110kV 4 52 x SE 20.7 mm2.4 mm

S 5 ) AN S 1 ¥ Ry W A TR s
HV Spot Mag Det WD HFW ~il| HV [SpotMagDet WD HFW
10kV. 4 208 x| SE 21.1 mm 589.8 um = BF110kV 4 75 x SE 23.6 mm1.6 mm

(‘ﬁ_ﬂ‘

i) HV Spot Mag HFW ~il| HV [Spot Mag Det
ME110kV 4 300 x SE 13.3 mm408.8 um WE110kV. 4 2000 x SE 13.2 mm61.3 um
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\ HV Spot Mag Det WD HFW HV Spot/Mag Det WD HFW
MF110kV 4 1000 x/SE 13.2 mm/122.6 um kV 4 500 x SE 10.7 mm245.3 um

) ¥

DK } g ’ Y L % \ e
HV Spot| Mag Det WD HFW HV Spot Mai WD HFW
WMF110kV. 4 1000 x/SE 10.8 mm 122.6 um BE110 kV 4 250 x/SE 10.7 mm 490.5 um

i HV 'Spot Mag IDetl WD HFW ] .il| HV Spot Mag Det WD HFW
ME1[10kV. 4 1000 x SE 10.7 mm 122.6 ym Mf1110kV. 4 2000 x SE 10.7 mm 61.3 um
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HV SpotMagDet WD HFW HV Spot Mag Det WD | HFW
BF110kV 4 163 x/SE 9.9 mm2 mm -200 um- BF110kV 4 500 x SE 9.9 mm 245.3 um —50 um

F - b, 2 VS R
~ill HV SpotMagDet WD = HFW ~ill HV Spot Mag Det WD HFW
ME10kV 4 33 x SE 8.6 mm3.8 mm ME10kV 4 250 x SE 8.2 mm490.5 um

=1 HV Spot Mag Det WD = HFW ] I | |
ME10kV 4 250 x SE 8.3 mm490.5 ym ME10kV 4 150 x SE 8.5 mm817.6 um
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HV Spot Mag Det WD | HFW | B =1 HV SpotMagDet WD HFW
3 el

F1[10kV. 4 100 x SE 8.4 mm/1.2 mm 10kV 4 31 x SE 19.8 mm4 mm —500 ym—

>, . ‘ : ANV sl s
.il| HV Spot Mag Det WD HFW HV Spot Mag Det WD HFW
MF1{10 kV 4 12000 x SE 12.7 mm61.3 um 10KV 4 500 x SE 12.7 mm245.3 ym

>

/

4
\

J
)

78

¥ )

2 > 3 /’
~i]| HV Spot Mag Det WD HFW ] WAH | AW 1ed psM toge VH
BEY10kV 4 246 x SE 20.7 mm497.9 um my €.18mm 8.8 32 x 0008 € VA0
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