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Abstract

The ability to extend component lifespans and improve performance through repair and coating
techniques is an important area of research with widespread industrial applications. Numerous
industries, including aerospace, can benefit significantly from advancements in the repair and
coating of high-performance, heat-sensitive parts; with engine temperatures steadily increasing
and the shift towards reusable space exploration vehicles in cargo and crewed flights, the durability
of key components is a concern. This is especially true with the increasing use of additive
manufacturing, which can create parts with considerable geometrical freedom but suffer from high

surface roughness and near-surface porosities.

Electrospark deposition (ESD) is a promising choice for the repair and coating of sensitive
components due to its low heat input. When alloys are processed using ESD, a very fine subgrain
microstructure forms with the potential for micro-segregation at subgrain boundaries. The aim of
this research is to identify the influence of the subgrain microstructure and subgrain boundaries on
the mechanical properties and phase transformations in Inconel 718, a commonly used Nb-rich Ni-
superalloy. Inconel 718 is deposited on conventional Inconel 718 substrates in a series of studies
that evaluate the ability to repair cavities and apply coatings. The included studies relate the
thickness of solidified droplets (splats) to the size of the subgrain microstructure, microhardness,
and yield strength of the material, while demonstrating that the subgrain and splat boundaries act
as crack propagation pathways during tensile failure. Micro-segregation of Nb along the subgrain
boundaries is also shown to increase the number of Nb-rich phases forming during high
temperature heat treatments. These studies improve our understanding of the mechanical response
of ESD-processed Nb-rich Ni-superalloys, and are used to tailor the application of ESD to
improving the surface condition and fatigue life of a dissimilar additive manufactured Ni-
superalloy. The findings show potential for the repair and surface enhancement of damaged or

critical regions in heat-sensitive conventional and additive manufactured parts.
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Chapter 1. Introduction

1.1 Problem statement

Metal deposition processes are frequently used in industry for the application of coatings and the
repair of components. The benefits are numerous: high performance coatings can be used to extend
product lifespans, the repair of defects formed during manufacturing reduce the need to scrap parts,
and the repair or re-building of components damaged in service reduces end-of-life waste. Low
heat input repair and coating techniques that can address heat-sensitive or high-performance
components are especially useful. These allow for the coating and repairing of parts with thin
geometries or parts used in extreme environments where performance can be negatively affected

by high heat input.

Component repair or coating is often performed using traditional welding techniques such as gas
tungsten arc welding (GTAW). A commonly cited issue with this technique is the large heat-
affected zones that form due to high heat input, negatively affecting microstructure,
microhardness, and residual stress fields that can accelerate fatigue failure [1,2]. In addition to
these issues, repair processes can introduce defects that result in a smaller fatigue lifetime for the
repaired component than the original component. Li et al. [3] found that cracks with a high aspect
ratio introduced during the GTAW repair of a cast aluminum alloy were most responsible for an
observed decrease in fatigue life, with spherical defects playing a smaller role. These issues have
encouraged the development of other techniques more favourable to coating and repair

applications.

A commonly used low heat input coating/repair technique is a directed energy deposition (DED)
process which uses a laser or electron beam to melt and deposit a wire or powder feedstock
material. Laser-based DED benefits from more flexible operation than electron beam DED —which
requires the use of a vacuum — as well as lower heat input than GTAW. It also demonstrates good
metallurgical bonding, unlike techniques such as cold spray or thermal spray which have very low
heat input but are more susceptible to spalling failure [4]. Bennett et al. [5] evaluates the benefit
of using DED repair for an automotive die compared to GTAW. The DED repaired die shows the
same lifespan as that of the original die, whereas GTAW repaired dies last an average of 21% of

the original lifespan. Significant environmental benefits are identified to the longer lifespan and



less frequent repair cycles, including the use of less feedstock material, lower ecotoxicity, lower
exposure to carcinogenic material, and lower fossil fuel use (fewer repair cycles need fewer heat
treatments). Therefore, there is a strong economic and sustainability argument for the use of cost-
effective low heat input coating/repair techniques that can achieve high quality depositions with

small heat-affected zones, low quantity of defects, and good metallurgical bonding.

The development of processes than can address the repair and coating of even more heat-sensitive
parts is highly beneficial in many industries. Electrospark deposition (ESD) is a process in which
a metal rod or wire feedstock is transferred using a short duration spark and rapidly solidified in a
droplet-by-droplet fashion to obtain the desired deposition thickness. When compared to laser or
electron beam DED processes, the small volume of material transferred with each spark in ESD
allows for faster cooling rates and less heat buildup in the component being repaired or coated. An
example thin wall component repair using ESD performed as part of this research is shown in
Figure 1. This Rolls-Royce Tyne RTy.20 Mk 22 aircraft engine turbine blade, used in the Transall
C-160 military transport aircraft first flown in 1963, continues to be used today. As equipment
ages and replacement parts become less common, effective repair processes become more and

more critical.

a)

Figure 1. A Rolls-Royce Tyne RTy.20 Mk 22 aircraft engine turbine blade still in use today on
the Transall C-160 military transport aircraft. As part of this research, the edge defect in (a) is

repaired using an electrospark deposition process in (b).

In addition to addressing the coating and repair of high-value conventionally manufactured parts,

low heat input metal deposition processes can also be used as a post-processing step to address



challenges with the adoption of fully additive manufactured parts. This is especially true for Ni-
superalloy components, a class of high-value alloys that are fundamental to the aerospace, energy,
and chemical industries. A number of early adopters in the aerospace industry have incorporated
additive manufacturing of Ni-superalloys into their supply chain: SpaceX has implemented
additive manufactured Inconel components in their SuperDraco engines [6], GE has successfully
tested a commercial turboprop engine with more than a third of its components additively
manufactured [7], and Patria has additively manufactured an Inconel 625 engine part for use by
the Finnish air force in an F/A-18 Hornet fighter [8]. However, broad concerns regarding the
reliability and long-term durability of these components remain. The servicing of these parts will
necessitate the development of lower heat input repair processes to address thinner features that
are more susceptible to heat buildup. Additionally, the higher surface roughness and higher
frequency of near-surface porosities in additive manufactured parts are especially detrimental to
part performance [9,10], which makes surface modification post-processing a necessity in high-

performance parts.

Many surface modification techniques focus on reducing surface roughness and eliminating
surface-related defects that influence the performance of parts, including the fatigue life and
corrosion resistance. Although this is also true of parts made with other manufacturing processes,
studies have shown that the as-built surface features in additive manufactured parts initiate
cracking that can propagate due to cyclic thermal and mechanical stresses and lead to fatigue
failure [11-13]. Removing these features using surface post-processing either shifts the crack
initiation site to the less detrimental internal defects if they are present or, if sufficiently dense,
achieves fatigue life results that compare to those of wrought parts [10,14]. Resistance to corrosion
or oxidation is also influenced by the surface roughness, with the greater exposed surface area on
as-built additive manufactured parts increasing their susceptibility to interfacial reactions [15].
However, applications that require cell adhesion or high-grip surfaces may benefit from an
increased surface roughness. As a result, the post-processing procedure applied to additive
manufactured parts must be chosen with the target application and required surface condition in
mind. The use of a low heat input coating/repair technique to address surface roughness and surface
defects in additive manufactured parts can also impart beneficial surface properties by depositing

materials with high hardness, wear resistance, or corrosion resistance, obtaining higher part



performance and part lifespan if small heat-affected zones, low quantity of defects, and good

metallurgical bonding are achieved.

1.2 Thesis objective

The use of electrospark deposition post-processing for coating and repair of high-performance

parts requires further study of the process-related microstructure. This thesis has two objectives:

1. This thesis aims to understand the role of subgrain microstructure, boundaries, and micro-

segregation on the mechanical properties and phase transformations in a common Nb-rich

Ni-superalloy processed using ESD. This involves three studies on microstructure features

formed due to very high cooling rates and the unique droplet-by-droplet mechanism with

which ESD builds up material.

2. This thesis also aims to apply these findings to the repair of additive manufactured parts,

with the goal of improving part performance beyond the original condition. The application

is selected to benefit from properties identified in the ESD-processed Ni-superalloy.

The studies corresponding to each objective are presented in Figure 2, and discussed in greater

detail in the following section.
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Figure 2. Graphical thesis abstract showing the connecting studies and their objectives



1.3 Thesis approach and overview

This thesis details work performed to develop a process for the electrospark deposition coating
and repair of conventional and additive manufactured components. As part of developing the
process, studies into the role of microstructure on mechanical properties and phase transformations

in deposited material were performed.

Chapter two begins by providing a literature review of the ESD process parameters, to familiarize
readers with the deposition technique. A review of Ni-superalloy chemistry, heat treatments, and
properties are provided for the two Ni-superalloys used in this thesis: Inconel 718 and Hastelloy
X. An introduction to solidification microstructure is given to familiarize the reader with concepts
required for later chapters, as well as reviewing previous studies on the solidification
microstructure of ESD-processed alloys. Lastly, a literature review of surface post-processing
methods applied to laser powder bed fusion additive manufactured parts is provided, to place the

proposed application of ESD post-processing in the broader context of surface treatments.

Fundamental studies on microstructure and its influence on properties are presented in chapters
three, four, and five. Chapter three identifies a relationship between the thickness of deposited
droplets (splats) and the size of the subgrain microstructure in an ESD-processed Ni-superalloy.
This is extended to measurements of microhardness, which are found to follow a modified Hall-
Petch relationship, relating splat thickness to the hardness of the material. Chapter four identifies
the influence of subgrain and splat boundaries on the tensile properties and fracture pathway of
repaired cavities. The unique morphology along the fracture surface of tensile tested samples is
caused by crack deflection along the subgrain and splat boundaries. This is explained using stress
intensity factors and a calculation of the relative critical energy release rate to determine the
relative fracture toughness of the two boundaries. Chapter five further investigates the influence
of the subgrain microstructure by determining the effect of micro-segregation at subgrain
boundaries on phase transformations at elevated temperatures. A nucleation site model is used to
compare the availability of nucleation sites in an ESD-processed Ni-superalloy and a homogenized
Ni-superalloy, and is found to account for differences in the size of precipitates that form at

subgrain/grain boundaries.



A study on the use of electrospark deposition to address the surface roughness of laser powder-
bed fusion (LPBF) additive manufactured parts is included in chapter six. Alongside a significant
reduction in surface roughness and significant increase in hardness, the fatigue life of Hastelloy X
LPBF-made parts was significantly improved with the use of an ESD-processed Inconel 718
coating. Calculated stress intensities for crack propagation from experimentally measured surface
features are used to calculate the expected difference in endurance limit stress between as-built
and post-processed parts. Fatigue testing shows a significant improvement in post-processed parts
for both low and high cycle fatigue conditions. A summary conclusion is presented in Chapter

seven, relating to the objectives outlined previously.



Chapter 2. Literature Review

2.1 Electrospark Deposition (ESD) Process

Electrospark deposition (ESD) is a micro arc-welding process that operates by forming a spark
between an electrode (anode) and substrate (cathode), which allows for material transfer from the
electrode in the form of small droplets. The process is most commonly used for applying corrosion
and wear resistant coatings [16-18] to conductive substrates, but has also been used to apply
interlayers for the joining of dissimilar materials [19,20]. A diagram of the process is shown in
Figure 3. Several parameters influence the ESD process, which are categorized in Table 1 as

electrical, mechanical, environmental, and other.

Figure 3. Diagram of ESD process

Table 1. ESD process parameters [21]

Category Process parameters

Electrical \oltage, capacitance, frequency, system efficiency, spark duration

Mechanical Travel speed, contact force, contact angle, electrode vibration/rotation,
number of passes, track overlap

Environmental Gas composition, flow rate, temperature, cleanliness

Others Electrode/substrate materials and geometry, surface finish




ESD functions by rapidly charging a capacitor of a chosen capacitance to a chosen voltage level.
Contact between the electrode and substrate results in discharging of the capacitor and delivers a
short-duration, high-current pulse [22]. From a physical standpoint, voltage has the effect of
regulating the maximum arc gap between the electrode and substrate [23], while the capacitance
regulates the duration of the arc. A frequency parameter — controlled by a logic driven thyristor
circuit, is used to limit the number of discharge events. Of the many parameters that influence the
ESD process, the electrical parameters are typically the most significant [24]. The energy output
during ESD is governed by Equation (1), which has a square dependence on the capacitor charge
voltage (V) and linear dependence on capacitance (C). The influence of an effective frequency (f)
on the power output is seen in Equation (2).

1
E=EC><V2 (1)
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The deposition rate has been shown in the literature to be functions of energy [23,25], with
increased capacitance and/or voltage parameters resulting in higher temperatures and greater
electrode melting. Frequency has a similar role, with more mass transfer events increasing both

the temperature of the electrode and substrate [26], and the deposition rate [27].

In addition to the electrical parameters, the ESD process is also influenced by several mechanical
parameters. Two of these include travel speed and electrode force. A decrease in material transfer
occurs when travel speed is increased, since heat buildup decreases when discharge events are
spaced further apart and the electrode is moved to a cooler region of the substrate [26]. The
electrode force influences the average discharge gap, with lower forces resulting in a larger
distance between the electrode and substrate. The discharge gap size has been reported to influence
the amount of material transferred due to changes in the mass transfer mechanism [26,28]. In

general, material transfer is shown to increase up to a certain gap size and decrease afterwards.

Although the aforementioned electrical and mechanical process parameters are the most
commonly optimized parameters, ensuring good quality depositions requires the consideration of
all parameters in Table 1 to varying degrees. This is more easily performed with automated ESD
systems [29,30] than manual systems, since they can control parameters which are otherwise

dependent on the skill of the operator, such as force, travel speed, track overlap, and contact angle.



2.2 Ni-superalloys

Ni-superalloys encompass a group of high-performance alloys used in a variety of extreme
environments including structural and rotating airplane turbine engine parts [31,32] and critical
sections of the space shuttle main engine [33]. As the name suggests, these alloys are primarily
composed of a face-centered-cubic (fcc) Ni matrix, but also contain alloying elements that can be
tuned to obtain the desired properties. Some elements such as chromium contribute to excellent
corrosion and oxidation resistant properties, while other elements contribute to one of two primary
mechanism that gives these alloys their high strength at elevated temperatures. Table 2 presents
the composition of two Ni-superalloys used in this work: Inconel 718, a precipitation strengthened

alloy also referred to as alloy 718, and Hastelloy X, a solid solution strengthened alloy.

Table 2. Composition (wt%) of two nickel superalloys [34,35]

Material Ni Cr Fe Mo Nb Ti Al w Co
Inconel 718 50-55 17-21 Bal.(17) 2.8-3.3 4,75-5,5 0.65-1.15 0.2-0.8 - <1.0
Hastelloy X Bal. (47) 22 18 9 <05 <0.15 <05 0.6 15

The solid solution strengthening mechanism in these alloys occurs primarily due to the presence
of large solute atoms (such as Mo, Cr, or W) at lattice sites typically occupied by Ni atoms. The
stress field formed around a substitutional atom interacts with the stress fields around dislocations,
impeding their motion. Precipitation strengthening instead works by the formation of small hard
particles that impeded dislocation motion. In the case of coherent precipitates that align with the
crystallographic structure of the matrix, dislocations are more likely to interact via a shearing
mechanism, whereas dislocations are likely to interact with incoherent precipitates via an Orowan
bowing mechanism [36]. In most Ni-superalloys, precipitation strengthening is attributed to the
Nb, Ti, and Al alloying elements that form NisNb-y” and Nis(Al,Ti)-y’ precipitates after heat
treatment. With Inconel 718 having greater Nb and Ti+Al than Hastelloy X, the extent to which
the precipitation of y” and y’ affects the properties is greater. Due to the minimal quantities of Nb,
Ti, and Al in Hastelloy X, it is not considered precipitation strengthenable. Instead, the mechanism
by which Hastelloy X obtains its high strength is through solid solution strengthening and is unique
in comparison to Inconel 718 in its addition of W. The large atomic size of W in comparison to Ni
results in a significantly greater solid solution strengthening effect when W atoms are located at

lattice sites.



A typical heat treatment process for Inconel 718 is shown in Table 3, which begins with a solution
annealing step and is followed by a two-step aging treatment. The objective of solution annealing
is to dissolve and evenly distribute alloying elements back into the Ni matrix, such that they evenly
and fully form the y” and y’ precipitates throughout the material during aging. At the conclusion
of heat treatment, properly precipitated y” and y’ phases are approximately 15-20 nm in size, with
further exposure to temperatures above 650 °C (but below the solutionizing temperature) resulting
in further growth [37]. Coarsening of these phases leads to a decline in strength and hardness, and
exposure to some elevated temperatures can lead to phase transformations that also influence the
properties of Inconel 718. Table 4 summarizes the composition and structure of phases in Inconel
718.

Table 3. Solution annealing and aging heat treatments for Inconel 718 [34]

Heat Treatment Time (h)  Temperature (°C)
Solution annealing 1 925 -1010
Precipitation 8 720
hardening (aging)* 10 620

* Two step process, furnace cooled between steps, air cooled after
aging

Table 4. Composition of phases in Inconel 718 [38,39]

Phase Composition
Y NisNb
Y Nis(AlLTi)
Carbides (Nb,Ti)C, (Ti,Nb)CN
0 NisNb
Laves (Ni,Fe,Cr)2(Nb,Mo,Ti)

The formation of the 6 phase occurs after exposure to temperatures between 700 °C and 1000 °C
[40] and can be detrimental to the properties of the nickel superalloy [41]. Since it has the same
composition as the y”” phase — but different crystal structure and morphology — it generally forms
at the expense of the more favourable y” phase, and can occur from the partial dissolution of y”

and subsequent transformation to & [42]. Exposure to temperatures between 1005-1020 °C,
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depending on Nb content in the material, is effective at achieving full dissolution of the & phase
[40]. However, some benefits can be expected, such as its ability to inhibit grain growth [40,41]
and resist creep when forming along grain boundaries [38]. As such, the & phase is typically
unwanted but can be carefully controlled to improve certain properties.

The role of carbides — like the & phase — displays positive and negative attributes, with some grain
growth inhibition and some contribution to high temperature strength through grain boundary
pinning countered by their ability to promote intergranular failure [39]. Formation can occur by
two different mechanisms. The first occurs during solidification, where segregation of Nb and C
into the liquid phase encourages formation of NbC in addition to the Laves phase [39]. Formation
of NbC and Laves phase both occur at the expense of the y” phase, although unlike the transition
from y” to 8, the NbC and Laves phases trap Nb and prevent later formation of the y” during aging
heat treatments. The second mechanism is by exposure to temperatures above 700 °C. The
formation of carbides is found to be highly sensitive to the alloy composition, with changes in the
quantity of nucleating particles (such as TiN), the quantity of carbon, and Nb homogenization
greatly influencing the extent of carbide (and other phase) precipitation [43,44].

The Laves phase forms due to elemental segregation during solidification. Like the carbide and 6
phases, the Laves phase has demonstrated both a positive and negative influence on the mechanical
properties of Inconel 718. Laves phase particles can act as an impediment to crack propagation, or
act as a crack initiation site, depending on the type and magnitude of applied loading [45]. At low
stress amplitudes, the high-cycle fatigue life of Laves containing Alloy 718 is greater than that of
material in the cast condition, although at high stress amplitudes the Laves phase is found to be
detrimental [45]. The influence of the Laves phase is also reported to depend on morphology, with
granular particles exhibiting better properties than a higher-aspect ratio Laves phase during tensile
testing [46].

During solidification processes, the formation of a solidification microstructure with secondary
phases and micro-segregation can influence the properties of these alloys in the as-deposited or
heat-treated conditions, as well as during use. These have the potential to directly affect mechanical
properties, as well as affecting the proper formation of y” and y’ strengthening phases in

precipitation hardenable alloys which depend on the availability of the alloying elements that form
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those phases. The following section provides a review of solidification and the formation of a

solidification microstructure.

2.3 Solidification Microstructure in ESD-processed Ni-superalloys

Solidification begins with nucleation of the solid phase from the liquid phase. This can occur
homogeneously in the liquid, or heterogeneously at pre-existing surfaces. As a solid particle forms
within a liquid (Figure 4), the favourable free energy change associated with the creation of a solid
volume (AGv) is opposed by the unfavourable free energy change associate with the creation of a
solid/liquid interface (AGs). Below the critical radius (r*), any solid embryos formed due to short
range fluctuations in thermal energy will favour dissolution, while growth is favoured if the solid
is greater than the critical radius. Due to this energy barrier, solidification via homogeneous
nucleation often requires significant thermal undercooling below the freezing temperature.
However, during welding and deposition processes, other surfaces are available for heterogeneous
nucleation. In the presence of an already existing surface, the unfavourable change in interfacial
energy is reduced and the critical free energy change (AG*) is reduced as well. This makes it
possible for nucleation to happen without thermal undercooling or with a significantly smaller
thermal undercooling, since the smaller energy barrier for heterogeneous nucleation can be fully

or mostly overcome by the naturally occurring thermal energy variations.
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Figure 4. Free energy change during the formation of the solid phase in liquid
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For the deposition of a metal alloy, the substrate frequently acts as the surface on which nucleation
occurs. When the deposited material and substrate share a similar crystal structure and
composition, the crystallographic orientation of the newly formed solid shares the orientation of
the substrate [47]. The resulting solid forms epitaxially, growing perpendicular to the solid/liquid
interface. As such, grains can extend across the substrate/deposition boundary and those oriented
more favourably will outcompete and block neighbouring grains [48]. Anisimov et al. [49]
identified most of the grains in an Inconel 718 ESD coating as having the <100> direction aligned
with the build direction, even though the substrate was composed of misoriented grains. In face-
centered-cubic (fcc) and body-centered-cubic (bcc) metals, how closely a grain’s <100>
crystallographic direction is aligned with the thermal gradient dictates how favourable the grain

growth will be and how dominant that grain will become over its neighbours.

Solidification can be expected to result in one of four modes that describe the morphology of the
solid/liquid interface. A planar morphology is more frequently observed in pure metals, and less
frequently seen in alloys due to the potential for constitutional supercooling. This is the result of
partitioning of alloying elements, which cause local variations in composition in front of the
solid/liquid interface [48]. With changes in composition, the liquidus temperature is also affected.
If the actual temperature ahead of the solid/liquid interface is below the new liquidus temperature,
the solid/liquid interface becomes unstable and protrusions develop, as depicted in the cellular and
columnar dendritic diagrams in Figure 5. Many studies identify an intermediate solidification
microstructure, known as cellular dendritic, in which the growth of the secondary dendrite arms is
stunted [47]. In situations with an even larger constitutional supercooling, an equiaxed dendritic

solidification mode is possible, in which a solid crystal grows ahead of the solid/liquid interface.

Columnar dendritic

Liquid — j Planar

/ &
[7 7 /YY) 33 gﬁﬁ

Substrate — Cellular /l Equiaxed dendritic

Figure 5. Depiction of planar, cellular, columnar dendritic, and equiaxed dendritic solidification

microstructures
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The type of solidification mode that occurs is determined by a combination of two parameters: the
temperature gradient (G) and the growth rate (R). A very high temperature gradient or very low
growth rate, which are features of solidification with no constitutional supercooling, can result in
planar growth. On the other end, a very low temperature gradient or very high growth rate, both
features of a large constitutional supercooling, can result in equiaxed dendritic growth. This is
frequently depicted in plots of G vs. R as shown in Figure 6, where the slope G/R is indicative of
the solidification microstructure that forms. The microstructure size is determined by the cooling
rate, which is the product of the thermal gradient and the growth rate (GXR). Average cooling rates
during ESD of up to 10° K/s have been frequently mentioned in literature, and measurements of
the solidification microstructure size support these cooling rates. Xie and Wang [50] calculate an
average cooling rate on the order of 10° K/s based on a primary cell spacing of 800 nm in a Ni-
superalloy. Ebrahimnia et al. [51] use the solidification microstructure of an ESD-processed, laser-
processed, and as-cast Ni-superalloy to compare the average cooling rates in each process. Their
finding suggest that the cooling rates are on the order of 10° K/s, 10° K/s, and 10° K/s, respectively.
However, maximum cooling rates in an ESD process can be significantly higher, up to 10° K/s, as
calculated by Gould [20].
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Figure 6. Solidification microstructure depending on temperature gradient and growth rate,
adapted from [47,48]

14



The protruding features in the more frequently observed cellular and columnar dendritic
microstructure form an epitaxial subgrain structure that remains after solidification is complete.
Within a single grain, adjacent subgrains typically have only a slight misorientation and form low
angle boundaries (misorientation angle typically <5° [47]). Additionally, with the partitioning of
alloying elements and the formation of a segregated liquid at the terminus of solidification,

subgrain boundaries can be enriched in certain alloying elements (Figure 7).
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Figure 7. Schematic depiction of cellular dendritic growth from two substrate grains and micro-

segregation at the cell boundaries

Micro-segregation at subgrain boundaries occurs due to differences in solubility of the elements
within an alloy and a limited ability to redistribute segregated elements [47]. On the short timescale
in which solidification during welding typically occurs, diffusion in the solid occurs too slowly to
provide any notable redistribution of elements. When considering the liquid phase, both diffusion
and convection are possible redistribution methods, and conditions can range from allowing long-
range mass transport (diffusion and convection) to only allowing short-range mass transport
(limited diffusion and no convection). Although the extent of segregation changes between these
conditions, the result in all three cases is similar: for an element with an equilibrium partition
coefficient k, < 1, such as Nb in Inconel 718 [52], the first solid that forms is depleted of the

element and the final solid that forms at the subgrain boundaries is enriched.

Micro-segregation in ESD-processed materials has been frequently discussed in the literature. The
high cooling rates and rapid solidification that occurs during ESD has the potential to result in
solute trapping. Under these solidification conditions, diffusion occurs too slowly even in the
liquid phase to result in solute partitioning, such that a solid phase forms with more limited micro-

segregation than would be expected from the equilibrium partition coefficient. Evidence of some
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solute trapping was demonstrated by Heard et al. [53] for an ESD-processed Al-Li-Cu alloy
(AA2199). Li, with a k, of 0.55, was homogeneously distributed throughout the material at the
conclusion of solidification while Cu, with a k, of 0.15, segregated at the subgrain boundaries.
Therefore, although solute trapping arises due to rapid solidification during ESD, micro-
segregation is still expected to occur for some alloying elements. In Inconel 718, Nb has a similarly
low k., of 0.2 [52] as Cu in AA2199 and has similarly been reported to segregate at subgrain
boundaries. Vishwakarma et al. [54] shows the segregation of Nb at the subgrain boundaries of
ESD-processed Inconel 718 resulting in the formation of Nb-rich phases. However, an effective
partition coefficient k of 0.5 was measured. This suggests that while some solute trapping may be

occurring, it is not sufficient to result in a fully homogenous Inconel 718 deposit.

Without the use of a post-process heat treatment, several aspects of the solidification
microstructure — including the subgrain structure and the micro-segregation at boundaries — remain
in the deposited material. These features require further consideration, to determine how
mechanical properties are affected and to identify suitable applications for ESD-processed Nb-rich

Ni-superalloys.

2.4 Surface modification of LPBF-made parts

Poor surface quality in LPBF-made parts is attributed to partially fused powders, spatter, and the
underlying melt tracks, and typically requires processing prior to use in high performance
applications. The following sections discuss some of the more common surface post-processing
techniques that have been applied to LPBF-made parts, spanning mechanical and thermal-based

methods.

2.4.1 Mechanical techniques

Mechanical surface modification techniques encompass the more traditional machining, abrasive,
and impact treatments frequently used in industry. Machining encompasses several subtractive
processes performed by machine tools, some of which use rotating cutting tools to remove material
from a fixed workpiece (milling in Figure 8a) or fixed cutting tools to remove material from
rotating workpieces (lathe). LPBF parts subjected to this post-processing step are typically printed

larger than the required dimension, with material removed until the required dimensions are
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obtained. Although this produces material waste and is difficult to use on complicated geometries
or work hardening materials, machining is commonly used due to its frequent application in
traditional manufacturing and the ability to easily obtain a low final roughness regardless of the
initial roughness. As shown by Rotella et al. [55] the result of machining on a CNC lathe is a
surface roughness (Ra) of 1-2 um, which is significantly lower than as-built LPBF parts (10-20
pum) but not as good as an equivalent wrought material processed with the same cutting speeds.
This is attributed to the lower ductility of LPBF parts and suggests that a properly optimized
machining process must not only consider the material’s composition but also properties arising
from its previous processing conditions. Lizzul et al. [56] demonstrated that the surface roughness
achieved from milling is dependent on LPBF part orientation. Anisotropy in the grain structure —
which arises from preferred grain growth in the build direction — affects the cutting tool wear rate
and decreases tool life by up to 40% when machining surfaces. Generally, increasing cutting tool
wear resulted in more material adhesion on the tool and more burr formation on the LPBF-made

part, increasing the surface roughness.
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Figure 8. Mechanical surface modification process showing a) milling and b) impact treatment of

a surface

Machining processes can either be performed out-of-envelope — in which the printing and
machining are performed on separate machines — or with hybrid in-envelope systems that are
capable of both functions. Out-of-envelope systems allow for intermediate post-processing steps
such as heat treatments that relieve residual stresses caused by the LPBF process and increase
ductility. Heigel et al. [57] demonstrated that when machining on an end mill is performed on as-
built LPBF parts without heat treatment, a combination of LPBF-induced stresses and machining-

induced stresses or phase changes can result in a distorted final part. Due to the spatial variations
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in LPBF-induced residual stresses that range from tension to compression, and the other factors
that arise during machining, accurately predicting the amount of distortion is difficult. Another
challenge with machining is the reduction of surface roughness on internal channels or more

complex lattice geometries. In these cases, other post-processing techniques are likely required.

Abrasive polishing spans a large range of post-processing techniques that use hard particles to
remove surface asperities. A variety of bonded abrasive techniques such as sanding and grinding
exist, although most are labour intensive and not realistically suitable for high production volumes,
large parts, or internal channels. Alternatively, loose abrasive techniques can rely on fluid flow or
simply the movement of a dry abrasive to provide the relative motion between hard particles and
the part surface. Magnetic field-assisted polishing demonstrated by Yamaguchi et al. [58] on
LPBF-made parts uses a mixture of abrasive slurry and magnetic particles in a magnetically driven
device. The applied magnetic field causes the magnetic particles to press the abrasives into the part
surface, while rotation of the magnet removes material by inducing relative motion between the
abrasive particles and the part surface. Another loose abrasive post-processing technique is that of
barrel finishing, demonstrated by Boschetto et al. [59] to polish external surfaces of specimens
using an abrasive alumina, silica and silicon carbide mixture. This technique uses a rotating barrel
to induce relative motion between the abrasive particles and the LPBF-made parts, with the
rotational speed and build orientation influencing the time required to obtain a low surface
roughness. Vibratory finishing is a similar technique that achieves its relative motion by vibrating
a tub containing the parts to be polished and the abrasive particles. Although these techniques are
limited to parts smaller than the size of the barrel or tub, require long processing times, and result
in part dimension deviations that must be considered during the design stage, a significant

reduction in surface roughness is possible.

Abrasive flow machining, also known as extrude honing, appears well suited to address difficult-
to-reach internal channels, as shown by Duval-Chaneac et al. [60]. Increases in the abrasive
concentration and fluid viscosity were both found to decrease the surface roughness, while
compressive stresses on the part were affected by the relative contribution of ploughing versus
cutting as the material removal mechanism. As shown by Han et al. [61] this post-processing
technique can be applied to conformal cooling channels that would be impossible to post-processes
with most other techniques. Velocity of the abrasive media was identified as a key factor in
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determining surface roughness reduction; shorter channels resulted in higher flow velocity and a
greater reduction in roughness, achieving a surface roughness comparable to conventionally
molded cooling pipes. Nagalingam et al. [62] combines an abrasive flow machining technique with
a hydrodynamic cavitation erosion mechanism for reducing surface roughness. With appropriate
design of the fluid flow, bubbles form along the surface of internal channels, which collapse and
create fast moving jets that erode material from the surface. However, if parts are not printed larger
than their intended final dimensions, both the abrasive and machining techniques discussed so far
are detrimental to assembly tolerances. Even with this in mind, controlling deformation in

machined parts and achieving uniform wear rates in abrasively polished parts is challenging.

Unlike subtractive machining and abrasive post-processing options, impact techniques mainly rely
on plastically deforming protruding features on a part surface to reduce the roughness. Processes
such as ultrasonic impact treatment are typically performed by vibrating a hardened pin at
frequencies from 15 and 55 kHz and making physical contact between the vibrating pin and the
workpiece (Figure 8b). Zhang et al. [63] and Walker et al. [64] demonstrated improvements in the
fatigue life of postprocessed LPBF-made samples, while Xing et al. [65] demonstrated an
improvement in stress corrosion resistance. These property improvements are attributed to plastic
deformation at the surface introducing compressive residual stresses alongside a reduction in
surface roughness and an increase in near-surface hardness. During cyclic loading, the increased
hardness and reduced surface roughness delayed crack initiation while the compressive stresses
delayed crack propagation. In the case of stress corrosion cracking, the presence of a tensile stress
due to temperature gradients during LPBF manufacturing makes them susceptible to this failure
mechanism. Other impact treatments such as shot-peening, which uses loose metal, glass, or
ceramic balls to strike a surface at high velocity, also show improvements in the fatigue
performance of LPBF-made parts [66]. Depending on the material and parameters used, the
process of impacting a surface can introduce new longer-range features that increase the surface
waviness while still reducing roughness [67]. However, the ability of impact treatments in general
to relieve near-surface tensile stresses make them a beneficial post-processing choice that can

address more than just surface roughness.

19



2.4.2 Thermal techniques

Several thermal-based post-processing methods have demonstrated improved surface conditions
for LPBF additive manufactured parts. Some of the main benefits when compared to conventional
grinding or machining is the lack of tooling wear, potentially faster processing, and reduced
material waste or debris. Thermal input is not limited to lasers, with plasma and spark-based
techniques [68] having been demonstrated in literature. However, the use of lasers in the LPBF
process makes them a popular choice when selecting a post-processing treatment. Three laser-
based techniques are discussed in this section, which include laser polishing, laser ablation, and
laser peening.

A laser polishing process makes use of laser radiation to locally melt surface asperities. At lower
energy densities, the melted surface thickness is less than the peak-to-valley height of the surface
roughness, and surface tension redistributes the molten material to local valleys on the surface
(Figure 9a) [69]. At higher energy densities, surface features are modified by melting a thickness
of material greater than the peak-to-valley height. Both techniques have been used in recent studies
to show that the as-built surface morphology — which shows repeating features on the order of the

beam diameter used during LPBF and the presence of partially fused powders — can be eliminated.

a) N taser beam b) N\ taser beam
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Figure 9. Laser surface modification showing a) laser polishing at lower energy densities

resulting in material redistribution and b) laser ablation resulting in the removal of material

Several authors have demonstrated the use of continuous wave lasers for polishing of LPBF parts.
Obeidi et al. [70] optimized laser power, travel speed, and track overlap parameters to obtain a
reduced surface roughness with a single laser pass. Without optimal parameters, difficulty arose
in melting the highest peaks on the as-built surface, which is an even greater concern in parts with

high initial surface roughness. When a single pass is insufficient to fully melt the initial surface

20



features, or a very low surface roughness is required, Chen et al. [71] demonstrated that multiple
laser passes are an effective option. Both studies identified that laser polishing has the potential to
introduce new repeating features on the surface of the part and increase the surface roughness if

not properly optimized.

Operation in the high energy density keyhole regime has been shown by Richter et al. [72] to be
beneficial for surfaces with high initial roughness by removing longer wavelength features.
Although high energy density process parameters may be beneficial for one-pass laser polishing,
it also has the potential to introduce defects. Solheid et al. [73] found that as laser power increased,
cracking occurred adjacent to the melt tracks. Further increases in energy density resulted in a
greater contribution from laser ablation rather than surface re-melting, which increased the amount

of surface oxidation.

Chen et al. [71] found that due to grain refinement and surface roughness reduction arising from
laser polishing, the sub-surface hardness and corrosion resistance were both significantly improved
in stainless steel 316L parts. Yasa et al. [74] extends this grain refinement process to modify bulk
properties by using laser polishing after each individual layer of the LPBF part was manufactured.
Although this results in longer processing times, properties such as bulk density, surface roughness
and microhardness could be tailored. Roughness that forms as each layer is melted hinders the
uniform coating of a new layer of power during the LPBF process. With non-uniform powder
thickness or incomplete coverage of the surface, gas entrapment may occur, and porosities may
form. Laser polishing each layer re-melts and removes porosity while also reducing the roughness,
having been shown to improve LBPF part density from 99.23% to approximately 99.97% [74].

Methods based on laser ablation typically rely on the high energy density achievable with short-
duration pulsed lasers rather than continuous lasers. Irradiation results in metal vaporization from
a thin region of the part surface with limited melting. This surface evaporation results in the
formation of an ionized plume that contributes to the absorption of incident laser energy and
significantly limits the ablation depth [75]. As such, the reduction in roughness is mainly attributed
to material removal from the surface (Figure 9b) rather than the melting and redistribution

mechanisms observed in laser polishing.

Cernaséjus et al. [76] exploited the localized surface heating that occurs during an ablation process

to perform laser gas alloying on a steel LPBF part surface. In an ambient air environment, the

21



oxygen concentration at the surface is a function of laser power and laser scanning speed, with an
increase in energy density resulting in greater oxygen uptake due to greater heating and slower
cooling rates. Although the reduction in surface roughness achieved with one laser pass is lost after
repeated laser passes, the formation of iron/titanium cobalt oxides and notable 35% increase in
hardness resulted in up to a 17-fold reduction in mass loss during wear. As such, oxidation of the
surface that frequently occurs in laser ablation processes when performed in ambient environments

may be beneficial in some applications.

2.4.3 Combining surface post-processing techniques

It is not uncommon to require a combination of techniques to achieve the desired surface roughness
reduction and mechanical property improvement. Some surface post-processing methods can
efficiently remove large surface roughness features quickly, whereas other techniques are ideally
suited to removing smaller features sizes and achieving very low surface roughness. Several
examples exist in literature where multiple post-processing steps are applied. A reduction in
surface roughness of 93% to below 1 um was demonstrated by Loaldi et al. [77] by combining
three post-processing techniques, although the significant improvement in surface finish is offset
by the increase in cost and processing time. A similar reduction in roughness was demonstrated by
Anilli et al. [78], with an 80% reduction achieved using two sequential techniques. Their analysis
of a functional component demonstrates that a combination of post-processing steps can obtain
LPBF-made parts that perform equally well or better than that of conventionally manufactured
parts. Although machining and laser surface post-processing are the more common mechanical
and thermal techniques applied to LPBF-made parts, other mechanical-thermal combinations such
as hammer peening and electrospark deposition can also demonstrate high surface roughness

reduction with mechanical property improvements [79].
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Chapter 3. Effect of subgrain size on microhardness

3.0 Preface

This chapter is the first of three chapters that studies the influence of the solidification
microstructure in ESD processed Inconel 718 on mechanical properties. The first topic of study
addresses how the ESD material transfer mechanism, in which droplets of material are transferred
and spread onto a surface to form a splat, can influence the cooling rate. Differences in cooling
rate influence the size of the solidification microstructure and extent of coarsening, while
microstructure size is known to affect the strength of a material according to the Hall-Petch
relationship [80,81]. Experimental results measuring splat geometry, subgrain size, and
microhardness are related by combining equations for heat diffusion, coarsening kinetics, and the
Hall-Petch relationship. The final derived equation can relate deposited material thickness to

hardness and allows for further control over the properties of ESD Inconel 718.

This chapter is based on a published paper [82].

3.1 Introduction

ESD has found several applications in wear or corrosion resistant coatings and as a repair technique
for cracked and pitted components. Sartwell et al. [83] achieved successful mechanical property
and dimension restoration for stainless steel, Inconel, and nickel-copper alloy components, the
assessment of which was based on porosity, microhardness, wear resistance, tensile and fatigue
testing, and surface finish analysis. These applications benefit from a deposited material with
properties equivalent to — or better — than the base metal, which can be achieved through a finer
grain structure. The Hall-Petch relationship indicates that smaller grain sizes result in a greater
yield strength, alongside other improvements to ultimate tensile strength, hardness and wear

resistance [36].

Nanoscale grains have been reported to form in various electrospark deposition (ESD) processed
materials including aluminum-zirconium alloys [84] and Fe2B [85]. These small grain sizes are
attributed to the short pulse duration of the ESD process, allowing for rapid solidification and
cooling of the material between each deposition. The use of ESD to restore oxidation resistant

coatings by Farhat and Brochu [86] found that the performance of the repaired coating was
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improved due to the fine grain structure of the deposited material, which allowed for improved
diffusion along the grain boundaries. Improved tribological properties (increased wear resistance)
of nanoscale structured ESD WC-Co coatings have also been reported in the literature [87]. The
improved properties were directly attributed to the nanostructured coating, which resulted in

increased hardness and the formation of lubricating oxides.

Ruan et al. [88] showed that decreasing dendrite diameter and secondary dendrite arm spacing
both resulted in a microhardness increase, analogous to the Hall-Petch relationship. The presence
of cellular dendritic structures in ESD processed materials have been reported for nickel based
superalloys by Ebrahimnia et al. [89], which formed parallel to the ESD growth direction with
submicron diameters. Other rapid solidification processes exhibit similar cellular dendritic
structures for nickel-based superalloys, including laser powder bed additive manufacturing of
Hastelloy X [90]. In this process, cellular dendritic structures with primary arm diameters less than
1 um and no secondary arm formation were attributed to high cooling rates. Although the presence
of subgrain structures is well documented, the ability to control the dendritic subgrain diameter in
an ESD process is beneficial for optimizing mechanical properties. A model based on a subgrain
coarsening mechanism is developed and used to relate the deposition splat thickness with the
cellular dendritic subgrain diameter, as well as describing the effect of splat thickness on hardness

in ESD processed Inconel 718.

3.2 Materials and methods

An Inconel 718 sheet obtained from McMaster-Carr was used as the substrate material for the ESD
process. The substrate surface was 6 cm? and the substrate thickness was 3.2 mm, with the supplier
provided chemical composition listed in Table 5. Inconel 718 solution-treated electrodes obtained

from AlloyShop with a 3.2 mm diameter were used.

Table 5. Inconel 718 Substrate Composition (wt%)
Ni Fe |[Cr [Nb |[Mo | Ti [Co Al [ C Mn | Si Cu
535178 185|511 |29 09|02 0.6 0.03 0.09 0.08]0.13

The deposition process was performed using a Huys Industries ESD machine. A process window

varying several process parameters was used to obtain depositions with low and high energy
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parameters. Due to the effect of capacitance and voltage on the input energy of the ESD process,
several voltage and capacitance values were used while maintaining constant pulse frequency.
These parameters are summarized in Table 6. Argon cover gas was used at a flow rate of 10 L/min
and the material was deposited in a bidirectional raster scan pattern for each sample. Deposition
time was kept constant by manually controlling the electrode travelling speed, with a single pass
on a 1 cm? area requiring 20 seconds of coating time. A total of 10 passes were performed for each
sample, with a 10 second peening step using a hand-held motorized tool after each pass. The use
of a peening step leads to a reduction in surface roughness, improving the uniformity of

subsequently deposited layers.

Table 6. ESD Process Window

Parameter Value(s)

Pulse Frequency (Hz) | 170
Voltage (V) 50, 100, 120
Capacitance (UF) 80, 100, 120

One sample was created for each process parameter and the samples were cross-sectioned and
mounted in a conductive resin, after which they were subjected to a series of grinding (400, 600,
800 and 1200 grit) and diamond polishing (6, 3, 1 um) steps. The samples were then etched by
immersion using inverted glyceregia (HCI:HNOz:Glycerol in a 5:1:1 ratio) for 1.5 and 3.5 minutes
[91], with a shorter time required to etch the deposited material and a longer time required to etch

the substrate.

Analysis of the prepared samples was performed on a JEOL JSM-6460 scanning electron
microscope (SEM) with an Oxford Instruments INCAXx-sight EDX attachment and an Oxford
BX51M optical microscope (OM). Subgrain diameter measurements were performed using the
intercept method for grain size determination (ASTM E112-13), modified to account for the
cellular dendritic shape. A line of known length was drawn perpendicular to the subgrain growth
direction, and the length was divided by the number of intersected subgrains to get the average
subgrain diameter. Hardness measurements were made using a load of 0.1 kgf on a Wolpert Wilson
402 MVD micro Vickers hardness tester. Indentations on the boundary between deposition splats

were avoided.
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3.3 Results and Discussion

Microscopic analysis of ESD deposited Inconel 718 after etching shows a series of individually
deposited splats with varying thicknesses that stack to form the coating. Higher voltage and
capacitance parameters result in higher deposition rates and poorer coating quality, as seen in
Figure 10a, while lower parameters result in favourable coatings with no significant voids or cracks
(Figure 10b).

Figure 10. OM image of a) 120 V, 120 pF, 170 Hz ESD deposition and b) 100 V, 80 pF, 170 Hz
ESD deposition

The ESD process deposits material through a series of short electrical pulses determined by the
frequency parameter, with each of these pulses depositing a single splat on the substrate surface.
The rapid cooling rates associated with ESD allow for the deposited material to solidify prior to
the deposition of a subsequent splat, forming the layered microstructure in Figure 10. As can be
seen by the uneven substrate-deposition interface, some of the substrate is melted during the
deposition of the first layer. Higher magnification images of the deposited layers show large
regions with submicron cellular dendritic subgrains, seen in previous work on the deposition of
nickel alloys using ESD. Ebrahimnia et al. [89] identified these subgrains are being composed of
primary dendrite cells with no secondary dendrite structures, comparable to that identified by
Savage et al. [92] as occurring during cellular dendritic solidification modes in copper-nickel

alloys.
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These cellular dendritic subgrain structures are predicted to form epitaxially with the rapid
solidification of the deposited layer, where initial subgrain formation starts at the interface of the
previous layer or substrate and propagates towards the deposition surface. Figure 11 shows that
grain formation is influenced by the substrate grain structure; grain boundaries extend across the
substrate-deposition interface, with the structure changing from equiaxed in the substrate to
epitaxial in the deposition. Electron backscatter diffraction (EBSD) techniques for an ESD Inconel
738LC deposition show splats with sufficient fusion to the substrate as having the same
crystallographic orientation as substrate grains [89]. However, the presence of impurities and lack

of fusion defects can result in misoriented growth.

Deposition
Splat
Thickness

Grain 1
\

Figure 11. a) OM image along substrate-deposition interface and b) schematic of competitive

\

Substrate

cellular dendritic subgrain growth directions at the interface

The very thin splat morphology can be expected to result in predominantly unidirectional heat flux
within the deposited material during solidification. Figure 12 shows cellular dendritic subgrains of
approximately 800 nm in diameter, surrounded by splats with thinner or no discernable subgrain
structure. Larger cellular subgrains are visible in etched samples with the use of an optical
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microscope, as seen in Figure 12c and Figure 12d. These images more clearly show the existence

of competing cellular subgrain growth directions.

Y
\s

L zary

Figure 12. a) SEM image of deposition with cellular dendritic subgrain, b) area of interest, and
OM images of competing cellular growth directions in ¢) a 100 um thick splat and d) a 70 pm

thick splat

During ESD, the cellular subgrains form at the solid-liquid interface as the deposited splat cools
below its liquidus temperature. As the material continues to cool, the fine cellular structure is
expected to continue coarsening. The amount of coarsening depends on the amount of time the
solidified deposition remains at an elevated temperature. In Figure 12, it is possible to distinguish
the difference in cellular dendritic subgrain diameters between the individual deposition splats.
The subgrain diameter is defined as starting at the inner leftmost edge of a subgrain and extending
to the inner leftmost edge of the adjacent subgrain Figure 11), and is calculated using the intercept
method as described in the experimental section. Arrow 2 indicates a region with fine cellular
structures when compared to the thick deposition splat and thicker cellular structures indicated by
arrow 1. The presence of larger diameter subgrains in thicker splats suggests that the thickness of

material deposited with each pulse in the ESD process is correlated to the final microstructure.

This premise stems from the larger time requirement for cooling thicker deposition splats. The
longer duration at elevated temperatures is expected to act as the mechanism that induces
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coarsening, resulting in larger cellular dendritic subgrain diameters for thicker splats. This type of

subgrain coarsening has been shown to follow the subgrain growth equation [93],
d™ = kpt + df 3)

where d is the final subgrain diameter, k; is a temperature dependent rate constant, d,, is the initial
subgrain diameter, t is the time, and the growth exponent n has a theoretical value of 2 when
derived using a boundary migration model in a pure single-phase system. Brook [94] proposed
that n ranges between ideal values of 1 and 4 depending on several factors including the presence
of impurities in single phase systems, the continuity and mobility of secondary phases, and the
diffusion mechanism responsible for boundary mobility. Similarly, k; is derived from an

Arrhenius-type equation that depends on the activation energy of the grain growth mechanism.

The subgrain growth process for ESD is expected to begin with a short-lived nucleation stage
during the rapid solidification process. The size of the resulting microstructure is attributed to a
combination of two factors: the drive to reduce undercooling and surface energy during
solidification, and the reduction in surface energy after solidification [95]. In some cases, both
mechanisms can be modelled using coarsening kinetics that agree with Equation (3) [96], and
typically the highest order dendrites with the smallest characteristic length scales experience
coarsening [95,97]. This corresponds to the primary dendrite spacing in the case of the cellular
structures observed in this work. For coarsening-controlled growth, the starting diameter of the
cellular dendritic subgrains is assumed negligible in comparison to the final coarsened diameter,
simplifying Equation (3) by setting d, to zero as was proposed by Martin et al. [98] and Kaneko

[96]. A simple relationship now exists between the subgrain diameter and the coarsening time,

d =kt 4)

Experimental measurements of cooling time for each deposition are not easily made, requiring that
a relationship be developed between the deposition splat thickness and cooling time. This
relationship can be developed through an analysis of the heat diffusion equation, which can be
simplified to one dimension, as heat can be assumed to transfer from the deposition to the substrate

in the vertical axis. Equation (5) presents the one-dimensional form of the heat diffusion equation,
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where T is the temperature, t is the time, k is the thermal conductivity of Inconel 718 (11.4 W m"
LK1 [99]), ¢, is the specific heat capacity of Inconel 718 (0.435 J g™ K* [99]), p is the mass
density of Inconel 718 (8.19 g cm=[99]), and x is distance in the vertical axis. Further assumptions
can be made when modeling heat diffusion within this system; the size of the substrate allows it to
act as an infinite heat sink while maintaining the starting room temperature and the argon
atmosphere above the deposition has no ability to remove heat from the deposited material. This
results in one Dirichlet boundary condition at the substrate and one Neumann boundary condition

at the argon-deposition interface, as shown in Equation (6).

T =298.15 £ =0 (6)
at
Additionally, the initial temperature is approximated as the solidus temperature for Inconel 718
(1533.15 kelvin [99]). These assumptions allow for the solution of the heat diffusion equation
using the method of lines technique for partial differential equations. The spatial dimensions in
Equation (5) are discretized using centered finite difference and the resulting ordinary differential
equation (Equation (7)) is solved numerically using MATLAB’s ode45 built-in function to find

the temperature profile as the cooling process progresses.

aT k (Ti+1 — ZTL + Ti—l)

(Ax)? (7)

at - CpP
For a 10 and 20 um thick deposition splat, the temperature profile throughout the material is shown

as it progresses over time in Figure 13. As can be seen by the diverging temperature profiles, a
longer period of time is required to cool depositions with larger thicknesses.
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Figure 13. Temperature profile of 10 and 20 um thick deposition splat during cooling process

To determine the effect of deposition thickness (L) on the time required to cool the deposition to
the substrate temperature, the average temperature at each time step is calculated (Equation (8))

using MATLAB’s trapz built-in function.

1 L
Tavg = z-]- T 0x (8)
0

The time required to reach an average deposition splat temperature within 1 kelvin of the substrate

is calculated for depositions between 5 um and 30 pum thick, with the results shown in Figure 14.
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Figure 14. Time required to cool a deposition splat to an average temperature of 299.15 kelvin
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An analysis of the solution shows a square dependence between the time required to reduce the

temperature of a deposition and its thickness,

t = px? 9)

related by a constant . Varying the initial condition (temperature), substrate temperature or
material dependent constants (k, c,, and p) result in changes to the value of g while maintaining
the square relation between time and thickness. Substituting this relationship into Equation (4)

results in,

d = Cx?™ (10)

where C is equal to W The dependence of the final subgrain diameter on constants n and C
(which includes both n and k) suggest a significant influence of the grain growth mechanism on
the amount of coarsening experienced during the cooling of an ESD splat. Another influence on
subgrain growth can be attributed to temperature and material properties such as density, specific

heat capacity and thermal conductivity through the constant C, which is influenced by S.

Equation (10) provides a model by which to analyze experimental values. Experimental cellular
dendritic subgrain diameters and the respective deposition splat thicknesses are displayed in Figure
6. The sample size used for the analysis consisted of 728 cellular dendritic subgrains — examples
of which are shown in Figure 12 — and were measured using the intercept method described in the
experimental methods section. Table 7 contains the best fit parameters for an exponential

relationship, as well as the R? and normalized root-mean-square error values for the model.

Table 7. Fit parameters for subgrain size and deposition thickness relationship

Fit Parameters | Model Summary
Form | C n R? NRMSE
Eq.8 |0.178 |4.387 0.82 | 0.14
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Figure 15. Average cellular dendritic subgrain size for various deposition splat thicknesses

For the current system, Equation (10) is able to relate the thickness of a deposition splat made by
ESD to the diameter of the resulting cellular dendritic subgrains with relatively high accuracy, as
shown with the R? value in Table 7. The process dependence of deposition splat thickness, in which
higher energy parameters result in greater material transfer and thicker splats, indicates that a
reduction in energy input during ESD results in splats with finer subgrain structures. The exponent
n is found to vary from the ideally predicted value of 2, although it is still similar to previously
reported experimental results for the subgrain growth equation [93]. Based on a derivation by
Brook [94], a fit parameter n of approximately 4 suggests the presence of an impure system in
which the grain growth mechanism occurs through the coalescence of a secondary (in this case
interdendritic) phase by boundary diffusion. ESD processed materials have been shown by
Ebrahimnia et al. [89] and Vishwakarma et al. [54] to exhibit segregation and secondary phases at

the boundaries, which can be expected to coalesce during the subgrain coarsening process.

Contrary to the assumptions made in Equations (5) and (6), some heat loss is expected at the argon-
deposition interface, and not all heat transfer occurs only in the x-axis. Additionally, the
temperature profile in a deposited material is not uniform over time; a longer exposure to higher
temperatures further from the substrate surface leads to some variations in subgrain coarsening
within a deposition. Repeated heating and cooling from the deposition of new splats on top of

previous splats may also influence the amount of coarsening. These non-idealities are likely to
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introduce deviations from the model — particularly for thicker splats and those deposited in the first

layer — which helps to explain the non-ideal R? value.

The relationship between deposition splat thickness and subgrain diameter can be extended to
explain the mechanical properties of the deposited material. The Vickers hardness (HV) can be
related to grain size using a relationship analogous to the Hall-Petch equation, previously applied
by Hanamura et al. [100] to investigate the hardness of steels in relation to their grain size. This

expression is shown in Equation (11),

HV = HVy + kd=/? (11)

where HV, and k are fitted constants and the Hall-Petch relationship is extended to subgrain
diameter (d) as suggested by Rollett et al. [101]. Substitution of the relationship in Equation (10)
between subgrain diameter and deposition splat thickness into Equation (11) results in a

relationship between the Vickers hardness and the thickness of the deposition splat,

HV = HVy + kC~Y/2x~1/n (12)

with the values of C and n previously listed in Table 7. HV, is analogous to the friction stress
constant in a traditional Hall-Petch relationship, which is indicative of the lattice’s intrinsic
resistance to dislocation motion. The strengthening coefficient k is described by Russell and Lee
[36] as the stress intensity required to induce plastic yielding across grain boundaries, which is
expected to extend to subgrain boundaries as well. Hardness and splat thickness data obtained from
ESD processed samples are shown in Figure 16, along with best fit parameters in Table 8 for the

relationship in Equation (12).

Table 8. Fit parameters for deposition splat thickness and Vickers hardness

Fit Parameters Model Summary
Form | HV, k R? NRMSE
Eq. 10 | 195.742 | 259.096 | 0.53 0.16
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Figure 16. Vickers hardness for various deposition splat thicknesses

Due to the nature of microhardness measurements there exists significant variation in the gathered
data, as shown by the lower R? value. EDX measurements show negligible differences in
composition between areas measured at similar deposition splat thicknesses. Therefore, variation
in the hardness values can likely be attributed to other material properties including variations in
subgrain orientation, as suggested by the relevant testing standards (ASTM E384-16). Resistance
to deformation can be dependent on cellular dendritic subgrain orientation, with some orientations
providing greater or lower resistance than others. This effect is more prevalent when small
indentation sizes are used, since dendritic subgrains in contact with the indenter may be uniformly
oriented in high or low resistance orientations. However, the results still indicate the existence of
a negative relationship between deposition hardness and splat thickness. As described by Russell
and Lee [36], larger spacing between boundaries provides less barriers to dislocation movement
and lower strength. This larger spacing is attributed to subgrain coarsening that occurs to a greater
extent in thicker deposition splats, resulting in lower Vickers hardness. Through the models
presented in Equation (10) and (12), it has been demonstrated that the deposition splat thickness
influences the cellular dendritic subgrain size and deposited material properties. Improved
performance of ESD processed materials is obtained with the use of lower energy input, which
results in less material transfer, thinner deposition splats, finer subgrain features, and higher

hardness.
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3.4 Conclusion

The use of lower energy input during ESD to achieve thinner deposition splats results in improved
coating quality, finer subgrain size and improved mechanical properties.

Thinner deposition splats result in smaller diameter cellular dendritic subgrains. This is

attributed to greater cooling rates and correspondingly lesser time for coarsening.

Material within thinner deposition splats show higher microhardness as a result of the finer
subgrain structure in accordance with a Hall-Petch relationship.
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Chapter 4. Effect of boundaries on tensile properties

4.0 Preface

The following chapter is the second of three chapters that investigates the influence of the
solidification microstructure on the properties of ESD processed Inconel 718. The point of interest
in this study is the way in which failure occurs during tensile loading. Both splat boundaries and
subgrain boundaries act as crack propagation pathways, allowing for a more brittle fracture with
reduced ductility as seen in other literature studies. However, process parameters that result in
thinner splats and smaller subgrains — both contributing to a greater number of boundaries —
appears to show improved yield strength without any significant change in ultimate tensile
strength. This result further supports the conclusion from the previous chapter, in which a finer
subgrain microstructure increased the microhardness, while also identifying brittle phases at

subgrain boundaries as a potentially addressable issue in ESD-processed Inconel 718.

This chapter is based on a published paper [102].

4.1 Introduction

The use of electrospark deposition (ESD) for the repair of damaged components has been proposed
and investigated in literature [103,104]. Most applications focus on expensive components for
which no other cost-effective or high-quality process exists. Oftentimes, the detrimental effects of
heat affected zone formation, residual stresses and welding induced distortion limits the type of
repair process that can be used. These effects can be mitigated through ESD repair techniques [83].
For this reason, aerospace and energy industries are good targets for the application of ESD, in
which many high performance and high cost materials are subjected to extreme operating
conditions. These applications include the repair of gas turbine engine blades suffering from issues
such as chipped or damaged areas, and dimensional restoration of out-of-tolerance manufactured
parts [83]. This avoids completely replacing or scrapping the affected components, providing an

economic incentive for the implementation of an ESD repair process.

The ESD micro-welding process makes use of a consumable electrode deposited onto a conductive
substrate through a series of short-duration electrical sparks. Material transfer results in splats that

rapidly solidify and undergo metallurgical bonding with the substrate. The short pulse duration
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often results in minimal heat affected zones [103], unlike other traditional welding processes.
Previous studies conducted for the ESD repair of nickel-based superalloy materials have found
favourable deposition properties with respect to the substrate material and other repair techniques.
Wear and tensile test results of repaired Inconel 718 substrates show that wear rate, yield strength,
and ultimate strength were similar to the base metal, although reductions in ductility were observed
during tensile testing [83]. This was also observed for other nickel based alloys; a comparison of
repair techniques for Waspaloy show that ESD is able to achieve a higher ultimate strength at the

expense of a significant reduction in ductility [105].

Although mechanical properties have been reported previously, a study on the effect of
microstructure on tensile properties in ESD repaired substrates is required to understand the failure
mechanism of ESD repaired components. Analysis of crack propagation during tensile testing has
the potential to improve ESD process parameter optimization for applications that require good
mechanical properties. Interpretation of tensile testing data for ESD repaired specimens is
performed, with a focus on the effect of microstructure on mechanical properties and crack
propagation pathways. Results indicate that lower energy parameters result in higher yield
strength, likely a result of increased splat boundaries and finer microstructure features. However,
splat boundaries are found to serve as crack propagation pathways during fracture, which — along
with the formation of brittle interdendritic phases — contribute to the lower recovery in ultimate
strength.

4.2 Materials and methods

Double edge notched tensile testing specimens were made from a 3.3 mm thick Inconel 718
solution-annealed sheet. The supplier provided composition is listed in Table 9, and the specimen

dimensions with and without a cavity are shown in Figure 17.

Table 9. Inconel 718 substrate composition (wt%)
Ni 'Fe |Cr [Nb |[Mo|Ti Co Al C Mn | Si Cu
535178 18551 29 09 02|06 0.03|0.09 0.08 0.13
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Figure 17. Schematic of tensile testing specimens with and without a cavity
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Cavities with ideal dimensions of 5 mm in diameter and 0.9 mm deep (seen in Figure 17) were
machined with the use of a ball nose end mill. Cavities were then repaired with a Huys Industries
ESD machine using a 3.2 mm diameter Inconel 718 electrode. Local shielding was provided by
ultra-pure Argon gas at a flow rate of 10 L/min. A hand-held motorized peening tool is used
throughout the deposition to reduce surface roughness, and an aluminum oxide grinding stone is

used to perform dimensional restoration of the filled cavities.

The ESD parameters used for the cavity repair are listed in Table 10, with the input energy per

pulse (E;) calculated using the standard formula for energy stored in a capacitor,

1
Ei =3 cv?2 (13)

where C is the capacitance and V is the voltage.

Table 10. ESD parameters for cavity repair

Energy Input
Parameters Low Medium
Voltage (V) 50 100
Capacitance (uF) | 80 80
Frequency (Hz) 170 170
Input Energy (mJ) | 100 400
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Three types of tensile testing specimens are created and tested: base metal specimens have no
cavities, empty cavity specimens contain cavities which have not been repaired, and repaired
specimens consists of cavities which have been filled with Inconel 718 via ESD. These specimens
are tested to failure on an Instron model 4206 at a constant extension speed of 1 mm/min. A total
of 3 base metal specimens, 3 low energy repaired specimens and 6 medium energy repaired
specimens are tested. Of the 6 medium repaired specimens, 4 are tested to failure and 2 are tested
until a crack begins to form. Yield strength values - but not ultimate strength - are obtained from
the incomplete tests, and independent t-tests with two-tailed hypothesis are performed to evaluate
differences in the mean values between low energy, medium energy and base metal specimens. A
90% confidence level is used to identify significance (p<0.1) and the effect size is evaluated with
the use of a corrected Hedges’ g value for small sample sizes [106], where g=0.8 is considered a

large effect and g=1.3 is considered a very large effect [107,108].

Fractured samples are imaged with a JEOL JSM-6460 scanning electron microscope (SEM) and
cross sections of the fracture surface are imaged with an Oxford BX51M optical microscope (OM).
Microhardness measurements are performed with the use of a Wolpert Wilson 402 MVD micro
Vickers hardness tester. Cross sectioned surfaces are polished and then etched with inverted

glyceregia (HCI:HNOs:Glycerol in a 5:1:1 ratio) for 1.5 to 2.5 minutes.

4.3 Results

4.3.1 ESD Microstructure

Initial observations of ESD repaired Inconel 718 cavities prior to tensile testing reveal the build-
up mechanism of the repair process. Upon cross sectioning and etching with inverted glyceregia,
the individual splats from the ESD repair are visible. Figure 18b shows various sized splats which

stack together to form the deposited material that comprises the repaired cavity in Figure 18a.
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Figure 18. Cross sectional OM image after etching of a) a repaired cavity, b) the deposition
splats within a repaired cavity (one splat highlighted with dashed lines) and c) epitaxial grain
growth (one epitaxial grain highlighted with dashed lines) in deposited material influenced by

the substrate base metal grain

The layered microstructure resembles that of other ESD processed materials and has been
documented in depth in literature studies [103]. The deposition parameters listed in Table 10 were
chosen to minimize the defects commonly observed within ESD, including voids, cracks and
delamination. An average density of 99.35% was determined from OM images of cross-sectioned
cavities, with no significant difference between medium and low energy ESD parameters. Longer
etching times reveal epitaxial grains within the deposited material, some of which traverse splat
boundaries in the direction of material buildup, as shown in Figure 18c. The volume of the
deposited splat is related to the input energy per pulse, with larger quantities of deposited material
resulting in thicker deposition splats [109]. It is expected that the average splat thickness of a
deposition performed with medium energy input is larger than that of a low energy input
deposition, such that fewer splat layers are required to fill a cavity. Measurements of 140 splat
thicknesses showed that medium energy deposition splat thickness (11.2 um with a standard error
of £2.0 um and a maximum measured splat thickness of 95.3 um) was larger than that of low
energy depositions (7.1 pum with a standard error of £0.6 pm and a maximum measured splat
thickness of 33.4 um). This corresponds with the time required for the repair of a cavity; medium
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energy ESD parameters required 18 minutes while low energy parameters required 64 minutes on

average.

The cellular dendritic subgrain structure and interdendritic phases of ESD processed Inconel 718
have been previously reported in literature [54], resembling that of other rapid solidification
processes [110]. The effect of splat size on microstructure features can be seen in Figure 19, with
larger cellular dendritic subgrains in the thicker splat. Interdendritic regions appear lighter in the
SEM due to edge effects from faster etching of the y phase and slower etching of Nb-rich
boundaries with interdendritic secondary (Laves and carbide) phases [110]. This interdendritic
region was previously reported to be 50 nm in width [111]. However, the width of interdendritic
phase segregation in ESD appears to be influenced by splat size in a similar way as the subgrain
width.

Figure 19. SEM image of subgrain microstructure in ESD processed Inconel 718 after etching

4.3.2 Mechanical Properties

Repaired tensile specimens are tested to failure and the mechanical properties are compared to
base metal specimens and empty cavity specimens. Average results from these tests are shown in
Table 11, with representative tensile test curves shown in Figure 20b. The standard formula for

stress (o) is seen in Equation (14),

(14)

Q
I
|
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where F is the applied force and A is the cross-sectional area of the specimen. For the calculation
of stresses in Table 11, the original cross-sectional area (4,) was used, which assumes no cavity
was made. As a result, the empty cavity specimens decrease in strength when compared to base
metal specimens by an amount equivalent to the reduction in cross-sectional area at the specimen’s
fracture plane. The recovery in yield and ultimate strength of repaired specimens when compared
to empty cavity specimens can be attributed to the ESD material. The yield and ultimate strengths
obtained by Carofalo et al. [105] for ESD repaired specimens were approximately -2% and -9%
respectively when compared to base metal specimens, which closely compares to results obtained

in this study (shown in Table 11).

Table 11. Tensile test results and relative performance (RP) compared to base metal specimens

Specimen Type Yield Strength | Ultimate Strength
MPa RP MPa RP

Base Metal 605 853

Empty Cavity 508 -16% 743 -13%

Repaired (Med) 586 -3% 777 -9%

Repaired (Low) 632 +5% 791 -1%
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Figure 20. a) Yield and ultimate strengths with standard error and b) example stress-strain curves

No significant difference exists between the yield strength of base metal specimens and low energy
repaired (p=0.334) or medium energy repaired (p=0.275) specimens. However, repairs performed

using low energy input achieved higher yield strengths than those with medium energy input
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(p=0.066) and displayed a very large effect size (g=1.31). Unlike the recovery in yield strength,
the difference in ultimate strength between base metal and repaired specimens remains statistically
significant (p=0.030) and displays a large effect size (g=1.14). Figure 20b shows the stress-strain
curve of an ESD repaired tensile specimen using medium energy input, which exhibits a lower

ultimate strength than the base metal and the presence of a pre-failure (deposition) fracture.

The first fracture nearer the yield point suggests that a less ductile fracture occurs in the ESD
material, followed by greater plastic deformation of the base metal and subsequent ductile fracture.
The pre-failure fracture leads to a change in the effective cross-sectional area of the specimen as
it undergoes tensile testing. When incorporating the reduction in area due to the presence of an
unfilled cavity in empty cavity specimens and the reduction in area due to the deposition fracture
in repaired specimens, an adjusted ultimate strength (AUS) for the substrate base metal can be
determined. The results presented in Table 12 demonstrate that the fracture of the base metal occurs
at similar stresses in all specimen types. This suggests that the ESD repair process did not form a
noticeably detrimental heat-affected zone in the base metal, and that the pre-failure fracture of the
deposition during tensile testing does not propagate into or weaken the base metal substrate.

Table 12. Adjusted ultimate strength (AUS) of tensile specimen substrate
Specimen Type | AUS (MPa)
Base Metal 853
Empty Cavity 858
Repaired (Med) 857
Repaired (Low) 862

4.3.3 Fractographic Analysis

The base metal and deposition fracture surfaces were found to exhibit different morphologies.
SEM images shown in Figure 21a and Figure 21b display the presence of a dimpled morphology
on the base metal fracture surface and step-like facets with smoother surfaces in the deposited
material. Cross sectional images of the base metal near the fracture interface (Figure 22a) show
elongation of the grains in the direction of the applied tensile force, consistent with a ductile

fracture.
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Figure 21. SEM image of a) base metal fracture surface, b) deposition fracture surface with step
facets, and c) microhardness measurements and standard error of base metal and deposition in

repaired specimens within 300 um of the fracture interface before and after tensile testing
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Figure 22. Grain structure of Inconel 718 base metal a) within 300 pum of the fracture interface,
b) as received prior to testing and c) the grain size and standard deviation in the base metal

before and after tensile testing within 300 um of the fracture interface

Measurement of the grain size for the base metal of repaired specimens show an average 30%
elongation along the direction of the applied tensile stress as well as a 31% reduction in grain size
along the direction perpendicular to the applied stress (Figure 22¢). Microhardness measurements
show a significant increase in Vickers hardness (from 276 HV to 436 HV as shown in Figure 21c)
for the base metal along the fracture interface after tensile testing. This strain hardening behaviour
arises due to a pileup of dislocations in the crystal lattice, which occurs during plastic deformation
[112]. Unlike the base metal, the ESD material does not exhibit a significant increase in
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microhardness, again suggesting that the deposited material does not undergo significant plastic
deformation and experiences a more brittle fracture. Microhardness measurements were also
performed parallel to the buildup direction on the top surface of medium energy ESD repaired
cavities and were compared to results obtained for the perpendicular direction given in Figure 21c.
Hardness in the parallel direction (381.0 HV with a standard error of £7.2 HV) was higher than
that of the perpendicular direction (365.5 HV with a standard error of £5.6 HV) by 4.2%, indicating
the presence of a small hardness anisotropy.

4.4 Discussion

4.4.1 Effect of Microstructure on Crack Propagation and Fracture Toughness

Figure 23 shows the crack initiation location at the surface of the ESD Inconel 718, which then
proceeds to propagate towards the center of the specimen.

Crack Initiation
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Figure 23. a) Side and top view schematic of crack location relative to deposition geometry and

b) cross-sectional OM image of a lightly etched specimen tested until the initial fracture of the

deposited material

Cracks initiating in the weld metal, in this case likely due to the presence of brittle secondary
phases [113], tend to propagate in the direction of greatest plastic strain concentration [114]. The
highest plastic strain concentration —as measured by grain elongation and hardness changes during
tensile testing (Figure 21 and Figure 22) — is located in the base metal on the plane through the
center of the repaired cavity, where the specimen’s cross-sectional area is the smallest. This can
be seen in Figure 23b, where the bottom of the specimen exhibits necking as a result of plastic
deformation. As was confirmed by the calculation of an adjusted ultimate strength in Table 12, the

pre-failure crack within the deposition does not propagate into or otherwise affect the base metal
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substrate of repaired specimens. Work published in literature attributes this result to a greater

fracture toughness in the lower strength material [114].

When fracture of the deposited material occurs, propagation of the crack is redirected by splat
boundaries. A cross-sectional image of the fracture surface (Figure 24) shows the step-like facets

caused by two primary directions of crack propagation.

Trans-splat
cracking

Inter-splat
cracking

/

Figure 24. OM image of inter-splat and trans-splat cracking along fracture surface cross-section

Previously, Figure 21b displayed the fracture surface of the deposited material with the formation
of step-like facets. Several secondary cracks can be seen along the splat boundaries on the step
facets, visible in Figure 21b and more clearly seen in Figure 24 along the inter-splat cracking
direction. The presence of step facets and secondary cracks suggest that crack propagation
occurring along a splat boundary (inter-splat) is met with varying resistance (fracture toughness),
occasionally encouraging crack propagation though the splat (trans-splat). This mixed cracking
mechanism results in step facet formation similar to previously reported metals with lamellar
structures [115]. Evidence of secondary inter-splat cracking is only found branching from the

fracture surface as seen in Figure 24, with the rest of the deposition free from these cracks.

The occurrence of crack propagation at two primary angles to the applied tensile stress,
corresponding with cracking in the inter-splat direction and in the trans-splat direction, suggest
differences in the fracture toughness between the interfaces and splats of ESD materials. The

relative resistance to crack propagation can be determined by considering the relative energy
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dissipated during fracture for each crack propagation angle. Considering that both trans-splat and
inter-splat cracks propagate at angles other than 90° from the applied stress, mixed mode effects
must be considered. The applied stress (g,) can be broken down into Mode I (a;) and Mode Il (o;;)
components, as shown in Figure 25 and by Equations (15) and (16). Mode | corresponds to stress
acting perpendicular to the crack face, while Mode |1 refers to an in-plane shear perpendicular to

Mode I in the direction of crack propagation.

Figure 25. Examples of a;, g;;, and 6 for trans-splat (6,) and inter-splat (68,) cracks

oy = 00 Sin2(9) (15)

o5 = a, sin(@)cos () (16)
Stress intensity factors (SIF) are used to describe the stress state at the crack tip caused by the
Mode I and Mode 11 stresses. When the stress intensity factor at the tip of a crack reaches a critical
value, fracture occurs as the crack propagates through the material. The stress intensity factor

caused by Mode I loading (K;) and Mode Il loading (K;;) can be determined from the individual
Mode I and Mode |1 stress components as shown in Equations (17) and (18),

K, = fonma (17)
Ky, = foyVma (18)

where a is the crack length for an edge crack and f is a geometry dependent factor equal in this

case to 1.122 [116]. Stress intensity factors can be used to determine the energy release rate (G),
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with the critical value of G required for crack propagation known as the fracture toughness [117].
In order for a crack to propagate through a material, energy release must equal or exceed that
required to form new surfaces at the tip of the crack. Therefore, the higher the energy release rate
required for crack propagation, the higher the fracture toughness of the material. Equation (19)
relates the energy release rate to the Mode | and Mode 11 stress intensity factors,

172
[K? + K7 ] (19)

E
where v is Poisson’s ratio and E is Young’s Modulus. The model presented here is based on linear

G =

elastic theory, which assumes the material is linear elastic and isotropic in the direction of crack
propagation. Much work has been done to understand crack kinking away from interfaces and
crack deflection at interfaces [118]. In either case, the relative value of the energy release rates for
a crack propagating through a splat (G, ) or along an interface (G;.) can be used to assess which
of the two scenarios is most likely. The ratio is as defined in Equation (20) for an interface within

a homogeneous material (the same Young’s modulus and Poisson’s ratio on either side of the

interface).
Gsplat Klzsplat + KIZI splat

Calculations of the energy release rate (G) at various angles is performed using Equation (20) and
the result is shown in Figure 26. As expected, energy release rate increases for higher propagation
angles with primary Mode | loading, and decreases at lower angles where Mode 11 loading has a
higher influence. A comparison of energy release rates between the two angles of propagation in
ESD Inconel 718 (average of 45° for trans-splat and 23° for inter-splat) show a 0.291 G;,+/Gpuik
ratio. This suggests that splat boundaries of ESD Inconel 718 have a critical energy release rate

(fracture toughness) approximately 30% that of the splat material inside the boundaries.
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Figure 26. Energy release rate dependence on crack propagation angle and contributing stress

intensity factors

In the case that a crack is propagating towards an interface, the inequality in Equation (21) must
hold for the crack to deflect along the interface. An interface fracture toughness less than 0.291
times the fracture toughness of the bulk material will cause deflection. However, an interface
fracture toughness greater than 0.291 times the splat fracture toughness will result in penetration
across the interface. This inequality can also be used to describe the reverse scenario, in which a
crack propagating along an interface may kink into the splat. The inequality in Equation (21) would
hold for a crack that continues to propagate along the interface, whereas the reverse inequality

describes the situation in which a crack propagating along an interface kinks into the splat material.

Gint < 0.291Ggpiar (21)

4.4.2 Effect of Microstructure on Tensile Properties

Several microstructure features associated with ESD can be used to explain the performance of
repaired cavities under tensile stress. Low energy ESD parameters result in more splat boundaries,
which were found to be more readily revealed during etching than grain boundaries (1.5 minutes
vs. 2.5 minutes of etching required, respectively). More reactive boundary atoms are dissolved by
etchants at a faster rate than those within the boundaries, with the etching rate affected by the

concentration of dislocation induced lattice distortions or impurity atoms [119,120]. Additionally,
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thinner splats were shown to have higher microhardness due to finer subgrain features as shown
in the previous chapter. With an increase in the number of boundaries acting as obstacles to
dislocation movement known to have a positive effect on yield strength [119], an increase in the
number of subgrain and splat boundaries can contribute to the observed increase in yield strength

for low energy ESD repaired specimens.

Although boundaries have the positive effect of improving the yield strength of repaired
specimens, the dislocation density and concentration of impurities at the boundary is expected to
vary. As was shown previously in Figure 18c, some grains extend across splat boundaries,
suggesting a lower dislocation density at these locations. This reduction in defects is expected to
increase the fracture toughness and induce a change in crack propagation from the inter-splat
direction to the trans-splat direction. In addition to variations in fracture toughness along splat
boundaries, the material within a splat is also expected to vary in its fracture toughness. Thicker
deposition splats result in coarser subgrain structures and coarser interdendritic regions, similar to
higher energy input in other solidification processes [121]. Interdendritic regions with Laves phase
precipitation are expected to be detrimental to the ultimate strength and fracture toughness of the
ESD Inconel 718, however are not expected to detrimentally affect the yield strength in the as-
deposited condition. Literature has shown the quantity of Laves phase in pre-precipitation
hardened Inconel 718 to have no effect on the room temperature yield strength while negatively
impacting the ultimate strength and ductility [122]. Laves phases are reported to have lower
fracture toughness than the surrounding matrix, while preventing the formation of strengthening
y" phases during precipitation hardening by removal of alloying elements from the nickel matrix
[121-123]. Therefore, the thickness of a deposited splat is indirectly expected to vary the trans-
splat fracture toughness and mechanical properties such as ultimate strength and ductility.

Variations in fracture toughness and mechanical properties at splat boundaries (attributed to
dislocation density) and in the splat (attributed to subgrain microstructure size and Laves phase
formation), are expected to account for the mixed inter-splat and trans-splat crack propagation
mechanism. A trade-off exists as a result of the unique splat microstructure of ESD materials. An
increase in the number of splat boundaries and higher microhardness from smaller subgrain sizes
in thinner splats is identified as the reason for the yield strength increase in lower energy ESD
repaired cavities, a beneficial property for repair applications due to the tendency to operate within
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the elastic region of a material. However, splat boundaries exhibit a fracture toughness of
approximately 30% of the material within the splat bulk. This microstructure influenced crack
propagation pathway, along with the presence of a brittle Laves phase, is expected to contribute to
earlier fracture when compared to an Inconel 718 material of equivalent hardness with no splat
interfaces or Laves phases. Lower energy ESD can be expected to have more splat boundaries —
making inter-splat fracture more likely — while also increasing the fracture toughness of trans-splat
cracking due to less Laves phase formation. This trade-off likely explains the lack of statistically
significant difference in ultimate strength (p=0.805) between the low energy and medium energy

ESD process parameters used to repair specimen cavities.

4.5 Conclusion

Mechanical properties of repaired Inconel 718 specimens were found to be dependent on
microstructure, which is a result of the ESD process parameters used. The effect of ESD

microstructure on yield strength and fracture toughness can be summarized as follows:

1. ESD splat boundaries and subgrain microstructure size are correlated to yield strength recovery.
Cavities repaired with low energy ESD parameters are known to result in thinner splats, leading
to an increased number of splat boundaries and finer subgrain microstructures. The splat
boundaries are expected to act as barriers to dislocation movement which — in combination with
the higher strength of finer subgrains — contributes to the observed increase in yield strength.

2. The observed combination of trans-splat and inter-splat cracking directions, in which cracks
propagate through splats and along splat boundaries, suggest that fracture toughness is not
constant along the boundaries or in the splats. ESD splat boundaries have lower fracture
toughness than material within the splat. Crack propagation angles obtained from fractured
surfaces indicate that the fracture toughness of splat boundaries is approximately 30% that of
the subgrain boundaries within the splat material. Higher dislocation densities and impurities at

splat boundaries are expected to contribute to the lower fracture toughness.
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Chapter 5. Effect of micro-segregation on phase transformations

5.0 Preface

This is the last of three chapters that focuses on the effect of solidification microstructure on the
properties of ESD processed Inconel 718. The micro-segregation and brittle phases that form at
subgrain boundaries during solidification are shown to not only affect mechanical properties as
was discussed in the previous chapter, but to also affect phase transformations that occur at
elevated temperatures. This is relevant to the development of appropriate heat treatment processes
and for determining the response of ESD-processed Inconel 718 when exposed to transient
overheating events. The Nb segregation at subgrain boundaries encourages the formation of the 6
phase when exposed to temperatures from 700-900 °C, which influences the crack propagation

mode while also indirectly reducing the strength of the alloy by decreasing the amount of y”.

This chapter is based on a published paper [124].

5.1 Introduction

Rapid solidification processing of metal alloys has been widely used for the application of
coatings, the repair and joining of components, and the additive manufacturing of entire parts.
Laser, electron beam, arc, and electrospark techniques can fall under this classification, which are
based on molten droplet transfer or self-quenching mechanisms [125]. The high cooling rates
achieved by these mechanisms — through a combination of high temperature gradient and/or high
solidification front velocity [48] —is expected to reduce but not eliminate micro-segregation of
alloying elements [125]. Micro-segregation arises during solidification due to the solid phase’s
rejection of less soluble and slower diffusing elements into the liquid phase. At the terminus of
solidification, the final liquid cools to form a eutectic or phases enriched in these elements. This
compositional variation between the core subgrains and subgrain boundary regions of an alloy can
influence mechanical properties, microstructure evolution, and phase transformations during

subsequent processing or use.

In some rapid solidification processed Ni-superalloys such as alloy 625 and alloy 718, the subgrain
boundaries contain a Nb-rich eutectic and Nb-rich Laves phase. This Laves phase is reported as

detrimental to some mechanical properties, with low fracture toughness that facilitates crack
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propagation [102], reduces creep lifetime [126], and reduces fatigue life at high stress amplitudes
[45,127]. Although solution annealing heat treatments can be applied to homogenize the
microstructure and redistribute micro-segregated elements, these alloys are frequently used in a
direct aged condition where a strengthening phase is precipitated without first homogenizing the
microstructure. Comparatively few studies have focused on the microstructure evolution and phase
transformations resulting from compositional variation when these non-homogenized materials are
exposed to elevated operating temperatures. Lass et al. have observed the growth of the & phase
(NisNb) along subgrain boundaries in laser powder bed fusion additive manufactured alloy 625
during the industry-recommended post-process heat treatment [128]. Similar observations were
presented by Qi et al. [129] and Zhang et al. [130] for alloy 718, with a more in-depth study on the
formation of the 6 phase performed by Lyu et al. [131], who found that the precipitation rate of
the o phase in a rapid solidification processed (RSP) alloy 718 could be influenced by encouraging
a more homogenized initial microstructure. These results can be attributed to partial dissolution of
the Laves phase, which increases the amount of available Nb, and the low diffusion of Nb, which
results in Nb-rich subgrain boundaries that encourage nucleation of the & phase at elevated
temperatures. A useful application of this phenomenon was presented by Liu et al. [132], which
made use of the Laves to 6 phase transformation to then homogenize alloy 718 with a lower
temperature heat treatment. More recently, Huang et al. [133] constructed time-temperature-
transformation diagrams for the various phases in laser additive manufactured alloy 718, finding
notable differences when compared to the wrought material.

Exposure of alloys to elevated temperatures occurs frequently during standard heat treatments,
transient overheating events during use [134,135], or even during the reheating of previous layers
that occur in additive manufacturing processes [136], indicating that an improved understanding
of the microstructural evolution is warranted. The methodology used here quantifies the effect of
micro-segregation during rapid solidification processes on & phase formation at elevated
temperatures in Nb-rich Ni-superalloys, which can similarly be used to predict the size of
secondary phases in other micro-segregated alloys after heat-treatment. As demonstrated in this
study, the exposure of RSP alloy 718 to elevated temperatures results in the formation of &
precipitates at subgrain boundaries, whereas homogenized alloy 718 forms o precipitates primarily
along grain boundaries. An observed decrease in 6 precipitate size and increase in the number of

precipitates in RSP alloy 718 is well explained with the use of a nucleation site model, providing
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support for previous assumptions that the presence of Nb at subgrain boundaries is what
encourages nucleation of the & phase at those locations. An analysis of the 6 phase coarsening
kinetics suggest that the rate of Laves phase dissolution is not the limiting factor. Instead, the
diffusion of Nb within the matrix is found to be the limiting factor for 6 phase coarsening in a rapid

solidification processed Nb-rich Ni-superalloy.

5.2 Material and Methods

Rapid solidification processing is performed using electrospark deposition, which operates by
discharging a capacitor to form a short duration spark that transfers material from an electrode
(anode) to a substrate (cathode). Small droplets of electrode material (< 1 nL) splash onto the
substrate surface and rapidly solidify. The small volume of transferred material, comparatively
large substrate size which acts as a heat sink, and a typical 95 % cooling time between subsequent
capacitor discharges result in an overall low heat input and very fast cooling rates up to 10° °C/s
at the terminus of solidification [20]. Electrospark deposition was performed using a Huys
Industries manual ESD machine at 90 V, 120 pF, and 170 Hz, with four passes performed in a
raster scan pattern. A 5.0 grade ultra high purity argon shielding gas was delivered coaxially during

deposition at a flow rate of 10 L/min.

For this study, an as-received alloy 718 substrate in the solution annealed condition (in accordance
with SAE AMS5596 and ASTM B670 specifications) was coated with an alloy 718 electrode (3
mm diameter) using electrospark deposition. The composition of both materials is listed in Table
13. Each sample therefore contains both rapid solidification processed (RSP) alloy 718 and
solution annealed (SA) alloy 718. This configuration allows for both material conditions to be heat
treated and evaluated simultaneously. Since electrospark deposition results in a heat affected zone
size of up to 80 um for this material combination [137], care was taken to evaluate the substrate

sufficiently far from the coating.

Table 13. EDX composition (wt%) of alloy 718 used as the electrode and substrate

Alloy 718 | Ni Cr Fe Nb Mo Ti Al
Electrode 496 |18.1 17.2 5.8 5.1 15 0.9
Substrate 50.1 | 17.2 17.4 5.9 4.1 14 1.0
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The RSP alloy 718 and SA alloy 718 were aged with a two-step process to obtain a precipitation
hardened state in which alloy 718 is more commonly used. The temperature was ramped to 720
°C at 5 °C/min in an argon environment and held for 8 hours, after which the samples were furnace
cooled to 620 °C and held for 10 hours. At the conclusion of the holding period, the samples were
removed from the furnace and allowed to air cool. These two material conditions, rapid
solidification processed and aged (RSP + aged) and solution annealed and aged (SA + aged) are
then subjected to elevated temperatures of 700 °C, 800 °C, and 900 °C for various durations to
determine the effect of micro-segregation on phase transformations. These heat treatments were

performed in an air environment to simulate typical usage.

Sample cross-sections were etched with inverted glyceregia composed of HCI:HNO3:Glycerol in
a 5:1:1 ratio for up to 2 minutes depending on the extent of heat treatment, and images of the
microstructure were obtained using a Zeiss UltraPlus scanning electron microscope (SEM) with
an energy-dispersive X-ray spectroscopy (EDX) attachment. Measurements of the 6 phase long
axis were made using ImageJ software, and MATLAB was used to obtain best fit curves for the
experimental data. A JEOL7000F SEM with an Oxford electron backscatter diffraction (EBSD)
detector was used for determination of grain boundary misorientation, and a MicroLab 350 Auger
Microprobe is used for obtaining the composition of small phases using Auger electron
spectroscopy (AES). Tensile testing was performed on an Instron 5548 micro tensile tester at 1
mm/min, using non-standard tensile specimens as shown in Figure 27. The small specimen sizes
were designed to accommodate the small deposition volumes and long deposition times associated
with high-quality ESD repairs. ESD process parameters were kept the same as those used for the
microstructure analysis, and the specimens were created using a double U-joint repair in which
one cavity was created and repaired at a time. The two notches were created using a Struers
Accutom-50 precision saw and water cooling, to avoid microstructural changes from heat input
during cutting. Microhardness measurements were performed on a Wolpert Wilson 402 MVD

micro Vickers hardness tester using 100 gf and a 15 s dwell time.
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ESD-processed

Figure 27. Specimen used for tensile testing with ESD repaired U-grooves

5.3 Results and Discussion

5.3.1 Microstructure Evolution

The rapid solidification processed (RSP) alloy 718 is primarily composed of low angle (2°)
boundaries, indicative of a slight misorientation between adjacent subgrains that form during
solidification. After heat treatments are applied, the RSP alloy 718 retains its subgrain
microstructure (Figure 28 area a and Figure 29a compared to Figure 29b) that includes the
interdendritic eutectic and Laves phases at the subgrain boundaries. The aging heat treatment does
result in the precipitation of carbides, as well as y” (NisNb), and y” (Niz(Al,Ti)) strengthening
phases within the cellular subgrains (Figure 29b). The subgrain size is strongly dependent on the
cooling rate, with a measured primary cell spacing ranging from 0.4 to 1.5 pum indicating that very
high cooling rates are present [82]. The morphology of the subgrain is determined by the ratio of
the temperature gradient G at the solid/liquid interface to the solidification rate (interface velocity)
R. The obtained cellular or cellular dendritic morphology is indicative of a G/R ratio too large to

fully form secondary dendrite arms.

In contrast to the RSP alloy 718, the solution annealed (SA) alloy 718 contains equiaxed grains
almost completely composed of high angle (60°) grain boundaries, which are retained after heat
treatment (Figure 28 area b). The lack of low angle solidification subgrain boundaries is indicative
of recrystallization having occurred. After the aging heat treatment, the SA + aged alloy 718 forms
carbides, y”, and y’ phases within the grain boundaries (Figure 29c). This aging heat treatment
results in optimal strength and mechanical properties, arising from a y” precipitate size of

approximately 20 nm.
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Figure 28. EBSD kernel average misorientation map of a direct aged alloy 718 a) coating and b)
substrate with a respective count of grain boundary angle. Sample was exposed to 900 °C for 0.5

h to allow for proper indexing of the coating.
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Figure 29. SEM images of the microstructure in a) RSP alloy 718, b) RSP + aged alloy 718, and
c) SA + aged alloy 718

Exposure of the RSP + aged alloy 718 and SA + aged alloy 718 to elevated temperatures and
longer durations results in significant phase evolution. RSP + aged alloy 718 forms the & phase at
the interdendritic region along the subgrain boundaries, as shown in Figure 30a. AES results in
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Figure 30d show the clear presence of Nb and Ni peaks at these locations. The presence of C and
O peaks are due to contamination and oxidation on the sample surface, and their high peaks can
be attributed to the high surface sensitivity of AES. Higher magnification images (Figure 30b)
show that precipitation of the y” phase with NisNb composition - identifiable due to its elliptical
cross-sections and the presence of Nb and Ni Auger peaks in Figure 30f - also occurs preferentially
near the Nb-enriched subgrain boundaries. However, the spherical y’ phase forms throughout the
vy matrix, since its Niz(Al,Ti) composition is not influenced by Nb micro-segregation at the
subgrain boundaries. AES spectra of these spherical phases show clear Ti and Ni peaks (Figure
30c), and analysis of the y matrix in the core dendrite region also shows a sharp Ti peak, alongside

the expected Cr, Fe and Ni peaks (Figure 30e).
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Figure 30. SEM images of the etched microstructure in a) RSP + aged alloy 718 exposed to 800
°C for 4 h, b) higher magnification image of the interdendritic region, AES derivative spectrum

of ¢) v’ phase, d) 6 phase, €) y matrix in the dendrite core, and f) y” phase
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Similar microstructure evolution is observed in RSP + aged alloy 718 at 700 °C (Figure 31a), 800
°C (Figure 31b), and 900 °C (Figure 31c), although with differing times required before the & phase
is observed. The microstructure in Figure 31 shows differences in subgrain growth directions
between adjacent grains in the RSP + aged alloy 718. This difference can be attributed to the
substrate grain orientation, a small portion of which is shown in the images in Figure 31. During
solidification, the heterogeneous nucleation of grains on the substrate is expected to be more
favourable than the growth of new grains via homogeneous nucleation. As such, the nucleated
grains adopt the crystallographic orientation of the grains in the substrate and the subgrains that

form can appear tilted when viewed along the cross-section.

Figure 31. SEM images of the etched microstructure in RSP + aged alloy 718 after exposure to a)
700 °C for 100 h, b) 800 °C for 2 h, and c) 900 °C for 0.5 h. A portion of the substrate is visible
at the bottom of each image.

In SA + aged alloy 718, the y” phase also experiences coarsening while the 6 precipitates grow at
the grain boundaries (Figure 32a). The formation of a y” depletion region surrounding the & phase
(Figure 32b) suggests that formation of & precipitates occurs alongside the dissolution of y”, and

contrasts sharply with the RSP + aged alloy 718 which showed a clustering of both y” and o
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precipitates at the subgrain boundaries (Figure 30b). Alongside coarsening of the y” phase, a
change in the y” morphology from a rounded, short disc shape to a more elongated shape with
sharper features is observed. Similar changes in morphology have been previously observed in the
literature for over-aged y” particles in alloy 718 [37,138,139] and other similar alloys [140].
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Figure 32. SEM images of etched microstructure in a) SA + aged alloy 718 exposed to 800 °C
for 24 h and b) higher magnification image showing & phase with adjacent region depleted of y”

5.3.2 Formation of the ¢ phase

The formation of a new phase occurs in three stages: nucleation, growth, and coarsening.
Nucleation occurs when a cluster of atoms forms a thermodynamically stable nuclei larger than
the critical radius, which is a function of the change in volume Gibbs free energy and interfacial
energy [141]. The presence of compositional variations due to micro-segregation is expected to
facilitate the formation of nuclei at subgrain boundaries for the & phase in alloy 718. Once the
critical radius is surpassed, growth of the precipitate occurs via the attachment of atoms diffusing
from the surrounding solid solution. As growth progresses, coarsening begins to occur via the
dissolution of smaller precipitates. The number of sites at which nucleation occurs therefore
governs the number of precipitates that form and, along with the coarsening rate, governs the
precipitate size. These aspects can be used to explain the disparity in & precipitate microstructure
between RSP + aged and SA + aged alloy 718.

In the case of RSP + aged alloy 718, Nb is available at subgrain boundaries due to micro-
segregation during solidification. SA + aged alloy 718 has been shown to experience grain
boundary segregation and precipitation [142,143] when exposed to elevated temperatures. To
quantify the number of potential nucleation sites at grain and subgrain boundaries, a nucleation
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site model is applied. Grains and subgrains are approximated as adjacent tetrakaidecahedrons, with
surfaces, edges, and corners considered sites that favor nucleation. The number of grain/subgrain
surface (Ny), edge (N,) and corner nucleation sites (N.) are expressed in Equations (22) to (24),
respectively. These equations are constructed by taking expressions for surface area, edge length,
or corner sites in one embedded tetrakaidecahedron as shown by Rajek [144] and extended to a

volume of 1 m3.

o 6(1+2V3)a% + 24(2H + 2) (ﬂf (22
* 16vV21 + 1212H Vin
_ 36A+8H (&)% 23)
© 24V22+1822H \Vp,
6
TSI+ 6 H &

In Equations (22) to (24), N, is Avogadro’s number, V,,, is the molar volume of Ni (6.6x10° m®mol-
1), A is dependent on the grain/subgrain diameter (d) as shown in Equation (25), and H is dependent

on the grain/subgrain diameter and length (D) as shown in Equation (26).

(25)

, a2 d?
H= <D —?>—2\g (26)

The use of diameter and length values representative of the microstructure visible in Figure 28 and
Figure 29b result in a 3.5 times increase in available nucleation sites within the RSP + aged alloy
718 when compared to the SA + aged alloy 718 (Table 14). The corresponding difference in
precipitate size can be evaluated by considering the thin disk-like shape of the 6 phase [145] and
a 3.5 times difference in volume as a result of the difference in nucleation sites. Assuming the
precipitate size is scaled proportionately along the thickness and diameter dimensions, the
following expression can be used to relate the volumes of § precipitates in the RSP + aged alloy

718 (Vrsp) and SA + aged alloy 718 (Vs,):

2.4dgsp\’
VSA = 3'5VRSP = 2'4ZRSPT[( ZRSP) (27)
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where the diameter (dgsp) and thickness (lgsp) of a 6 precipitate in the RSP + aged alloy 718 (with
the subgrain boundaries) are expected to be smaller by a factor of 2.4 when compared to a o
precipitate in the SA + aged alloy 718 (without subgrains boundaries). Although the difference in
the number of nucleation sites is used to establish a relationship between the d precipitate sizes in
the two alloy 718 conditions, the actual & precipitate sizes are also a function of the coarsening

rate, which is influenced by the heat treatment time and temperature.

Table 14. Nucleation sites in an RSP + aged alloy 718 and SA + aged alloy 718 using a
tetrakaidecahedron model

RSP + aged SA + aged

Subgrain Grain Grain
d [m] 5x107' 7.6x10° 5.7x10°
D [m] 2x10° 2x10°  57x10°
Ng [m™] 45x10%°  4.9x10%* 1.4x10%®
N, [m3¥] 8.2x10%2  4.7x10%° 1.5x10%
N, [m?] 2.0x10'®  9.9x10'° 9.1x10'°
Total sites [m™]  5.0x10%° 1.4x10?°

The coarsening of 6 precipitates in RSP + aged and SA + aged alloy 718 is expected to follow the
Lifshitz-Slyozov-Wagner theory of Ostwald ripening for volume diffusion-controlled coarsening.
This has previously been used to model the growth of y” precipitates [146,147], with modifications
made to account for the disc-shaped particle morphology [148]. These same modifications can be

used for the disc-shaped 6 phase, such that the coarsening of the & particles follows:

d3 =kt+d; (28)
where t is the time, d is the particle diameter, d is the initial particle diameter at t = 0, and k is
a combination of the diffusion coefficient (D), temperature (T), precipitate interfacial energy (y),
equilibrium concentration of the solute species (c,), precipitate volume (V4,,), particle aspect ratio
(K), and the ideal gas constant (R) as shown in Equation (29). The diffusion coefficient can be
further expanded into Equation (30), which is shown to depend on the activation energy (E,) and

temperature.
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Equation (28) is used to produce best fit curves for experimental measurements of & precipitate
size in RSP + aged and SA + aged alloy 718 after exposure to 800 °C, shown as the dashed lines
in Figure 33. Equation (27) is used to generate a prediction of the & precipitate size in SA + aged
alloy 718 based on the measured sizes (orange circles) in RSP + aged alloy 718. The 99%
confidence interval for this prediction is shown in Figure 33 as the grey shaded region and an
excellent match between the predicted and measured precipitate size for SA + aged alloy 718 (in
red) is obtained. This suggests that the difference in precipitate size between RSP + aged and SA
+ aged alloy 718 is accurately explained by the increase in nucleation sites made available due to
micro-segregation that occurs at subgrain boundaries during solidification, and the change in

precipitate size over time follows a Lifshitz-Slyozov-Wagner model.
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Figure 33. a) Growth of § phase in RSP + aged and SA + aged alloy 718

Experimental measurements of the & particle diameters at three temperatures in the RSP + aged
alloy 718 are shown in Figure 34a. Equation (28) is used to apply a best fit curve to the measured
data at each of the studied temperatures and the fit parameters are reported in Table 15. The value

of k — which indicates how strongly the heat treatment affects the precipitate size — increases by
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two orders of magnitude within the temperature range investigated. This is explained by the
temperature dependence of the diffusion coefficient (D), as shown in Equation (30), and suggests
that the coarsening mechanism of the & phase along the subgrain boundaries is dependent on
diffusion. When exposed to 700 °C and 800 °C, the 6 phase was not observed until 100 h and 2 h

respectively. Samples in which no 6 precipitates were observed are marked in Figure 34a as having

a 0 um size.
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Figure 34. a) Size of the 6 phase in RSP + aged alloy 718, b) an Arrhenius plot derived from the

0 size measurements in (a)

Table 15. Model parameters for Equation (28) obtained from Figure 34a and the R-squared (R?)
statistic for model fit

Temperature (°C) k (um2h?)  dg (um) R?

700 0.0026 -0.62 0.99
800 0.043 -0.35 0.97
900 0.38 -0.20 0.96

A further understanding of the & phase coarsening mechanism can be obtained by determining the
activation energy for diffusion. The expression resulting from the substitution of Equation (30)
into Equation (29) can be rearranged into an Arrhenius form as shown in Equation (31), under the
assumption that y, K, ¢y, V;,, and D, are independent of temperature. The value of In(kT) can then

be plotted (Figure 34b) against 1/T using the values in Table 15, and the activation energy (E,)
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can be determined from the slope of the best fit line. This activation energy for 6 coarsening (244
kJ mol) compares favorably to the activation energy for Nb diffusion in a Ni-superalloy (237 kJ
mol™ [149]), suggesting that Nb diffusion through the matrix is the limiting factor for § phase
coarsening in RSP alloy 718 with micro-segregation at the subgrain boundaries, rather than the
dissolution of the Laves phase (275 kJ mol [150]). One might expect that Laves dissolution would
be rate limiting, since the activation energy for Laves dissolution is greater than that of Nb
diffusion. However, if sufficiently large sources of solutionized Nb are available in the Ni matrix,
the comparatively slow dissolution of the Laves phase would be of lesser consequence. Due to the
formation of a Nb-rich interdendritic eutectic at the subgrain boundaries, this is likely the case in
RSP alloy 718.

E,1 <128 chOV,,ZlD(,) a1

ln(kT) = —?T-l‘ In 9 R

5.3.3 Effect of the 0 phase on mechanical properties

A comparison of RSP + aged alloy 718 after 0 h, 4 h, and 70 h of exposure to 800 °C shows an
initial degradation in mechanical properties between 0 h and 4 h, and less significant changes
afterwards (Figure 35). Both ultimate tensile strength (UTS) and microhardness experienced a
decrease of 15% and 21%, respectively, after 70 h of heat treatment. The observed trend is broadly
comparable to results previously reported in literature for alloy 718 [37], which observe a rapid
initial drop and a more gradual decline afterwards.
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Figure 35. The influence of exposure time at 800 °C for a RSP + aged alloy 718 on a)

microhardness and b) ultimate tensile strength (UTS)
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All samples had sharp features on the fracture surface (Figure 36a), with dendritic features visible
at higher magnification (Figure 36b), suggesting that plastic deformation is limited. As was shown
previously in RSP [102] and RSP + aged [137] alloy 718, the crack propagation pathway continues
to occur along subgrain and droplet boundaries according to the relative fracture toughness [102]
even after the formation of the 6 phase. However, in samples heat treated for 4h and 70h, many
instances of secondary crack propagation show unbroken 6 precipitates bridging the crack path
(Figure 36¢), as well as & precipitates protruding from the primary fracture surfaces (Figure 36d).
As aresult, crack propagation does appear to be influenced by the presence of 6 precipitates. Crack
initiation was found to occur from the part surface or from Al- and Ti-rich oxide defects (Figure

36e) regardless of heat treatment time.

The crack propagation mechanism appears to switch from the typical particle cracking mode
reported when only the Laves phase is present to a combination of micro void formation and
interface debonding [151]. In addition to differences in properties between the 6 and Laves phase,
the orientation and growth of the & phase into the y matrix may introduce increased resistance to
crack propagation by increasing the crack path tortuosity and slowing crack propagation occurring
at lower stress levels. This has been shown in direct aged alloy 718 to have a notable influence on
fatigue and creep properties [152], with a greater amount of & phase particles more effectively
reducing the crack propagation rate. For RSP + aged alloy 718, the use of longer heat treatments
that produce o precipitates > 1 um in size are expected to be more effective at increasing crack
propagation resistance, based on studies from other materials with grain boundary precipitates
[151]. In combination with the dissolution of the brittle Laves phases, this would be expected to
improve mechanical properties. However, these potential positive mechanisms occur alongside
negative effects such as the coarsening of the y”” phase — the primary strengthening phase in alloy
718 — and the transformation of y” into & [37]. Previous studies have shown that a proper balance
can be achieved between the reduced strength from dissolution of the y” phase and formation of
the o phase, such that strength requirements are still met for most applications while significantly

improving fatigue and creep properties [152].
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Figure 36. SEM images from tensile specimens exposed to 800 °C for 70 h showing a) fracture

surface, b) high magnification of fracture surface showing dendritic features, cross-sections of
fractured surface showing c) secondary crack pathway and d) crack pathway along primary

fracture surface, and e) site of crack initiation with EDX maps for O, Al, and Ti

5.4 Conclusion

Micro-segregation at subgrain boundaries affects the precipitation of the & phase in rapid
solidification processed and aged (RSP + aged) alloy 718 by providing a greater number of
nucleation sites, which results in a greater number of proportionally smaller § precipitates than in
a solution annealed and aged (SA + aged) alloy 718 without micro-segregation or subgrain
boundaries. The coarsening of & precipitates in RSP + aged alloy 718 follows a Lifshitz-Slyozov-
Wagner model and the activation energy for coarsening matches that of Nb diffusion, suggesting

that Laves or y” dissolution is not the limiting factor.

The methodology used in this study establishes a clear relationship between the nucleation site

density and the secondary phase size in rapid solidification processed alloys with critical alloying
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elements found at the subgrain boundaries. This influences not only the precipitate size, but also
the distribution, which can be expected to influence mechanical properties. In the present study,
the formation of fine subgrain boundary & phase precipitates in RSP + aged alloy 718 is found to
negatively influence hardness and ultimate tensile strength. Although & precipitates appear to
positively influence the crack propagation pathway during tensile fracture, the observed decrease
in mechanical properties is primarily attributed to coarsening and transformation of the y”
strengthening phase that occurs alongside 6 phase coarsening. This highlights the importance of
understanding the microstructure evolution in micro-segregated alloys, which can allow for the

prediction and control of precipitate size, precipitate distribution, and mechanical properties.
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Chapter 6. Application of ESD to LPBF-made parts

6.0 Preface

This chapter addresses the application of ESD as a surface modification technique for additive
manufactured parts. ESD is used to apply a coating of Inconel 718 on an LPBF-made Hastelloy X
substrate to address the negative influence of high surface roughness and near-surface porosity on
fatigue performance. Previous studies on the effect of microstructure on mechanical properties and
phase transformations were used to guide processing conditions for this study. Even though the
use of heat-treatment processes to remove the solidification microstructure and/or precipitate the
strengthening phase were investigated, the best fatigue life was achieved in the non heat-treated
condition. Additionally, even though oxides were sometimes identified as a source of crack
initiation in the previous studies, crack initiation in fatigue tests was found to initiate from the

surface of the LPBF part in the as-built and post-processed condition.

This chapter is based on a published paper [79].

6.1 Introduction

Additive manufacturing (AM) processes such as laser powder bed fusion (LPBF) provide
significant advantages over traditional manufacturing. With reduced material waste when
compared to subtractive processes and considerable geometrical freedom, LPBF is an especially
attractive option for the manufacturing and lightweighting of parts made from high value materials.
However, despite significant research into the subject, LPBF parts still suffer from relatively low
surface quality. This has been shown to result in reduced fatigue performance, since fatigue cracks
frequently initiate from surfaces at locations with higher stress concentrations [12,13,153].
Increased surface roughness can also negatively affect aerodynamic performance — such as in the
case of turbine blades or vanes — by interacting with the boundary layer of air that flows across the
surface and introducing flow instabilities [154—156].

The causes of surface roughness have been attributed to a variety of factors, including print
positioning on the build plate [157], the ejection of spatter particles [158,159], the stair-step effect,
and LPBF process parameters such as the printed surface orientation and thermal history

[157,160,161], linear energy density, laser power, and hatch spacing [162,163]. Although process
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parameters can be optimized to obtain acceptable quality surfaces [164], the other contributing
factors make surface quality highly variable within a single part or between parts on the same build
plate. For commercial applications, some amount of post-processing that addresses surface quality
is usually required.

Many surface finishing techniques are available and can be chosen based on the required final
surface roughness, desired surface properties, and geometrical complexity of the part being
processed. Machining is a traditional method for reducing external surface roughness [55,165], but
results in material waste and is difficult to use on complex geometries. Machining is also more
challenging on work hardening materials such as Ni-superalloys [166]. A reduction in surface
roughness is possible via in situ layer re-melting [77] or post-process laser polishing [167] in
additive manufactured parts. This technique has been demonstrated for nonplanar surfaces as well
[168], although more geometrically complex parts with overhangs, lattice structures or internal

channels that are not easily accessible must be addressed using other techniques.

One technique for reducing the surface roughness of internal channels — abrasive flow machining
— requires a fluid with abrasive particles capable of eroding or producing micro-cuts on the part
surface. Applications to additive manufactured parts have found notable reductions in surface
roughness [169], although the long processing times and inconsistent material removal that depend
on local shear strain rates introduce some challenges [170]. Another technique is chemical etching
or electropolishing, which is shown to achieve a significant surface roughness reduction [171].
However, several disadvantages exist: this process often results in excessive material removal that
can affect part tolerances [172], large features are not easily removed, the preferential dissolution
of some phases in multiphase alloys can cause short range roughening [173], and conventional
electropolishing methods are generally expensive, hazardous to workers, and environmentally
harmful [174]. A combination of surface finishing techniques can be beneficial for applications
that require a greater reduction in surface roughness and can overcome the individual
disadvantages of a single process [175]. A 2-step abrasive flow machining and electrochemical
machining process was successfully shown to reduce surface roughness by 80% in LPBF-made
laser cutting nozzles, while improving performance over the as-built condition to match that of a

conventionally manufactured part [78]. Another example identifies a 3-step process of glass
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blasting, vibration deburring, and dry electropolishing capable of reducing surface roughness by
93% [77].

The influence of surface finishing techniques on fatigue properties have been frequently
demonstrated in literature. Abrasive and impact surface finishing techniques have shown notable
improvements in fatigue life; the use of ultrasonic shot peening on thin struts built by electron
beam melting was shown to achieve a 2 times improvement in the cycles to failure, while
sandblasting was shown to improve the cycles to failure by an order of magnitude [176]. The
improvements are typically attributed to a reduced surface roughness, the introduction of

compressive residual stresses or microstructural changes.

Many of these surface finishing techniques have the common characteristic of deforming or
removing material from the surface. Rather than use a subtractive process, this study demonstrates
the use of an additive electrospark deposition (ESD) technique and machine hammer peening to
reduce surface roughness while improving the properties of external surfaces in LPBF-made
Hastelloy X parts. The ESD process melts rough features on the part surface and introduces
beneficial surface properties by depositing an Inconel 718 coating, while machine hammer peening
flattens surface features and allows for longer ESD processing times. The combination of these
two processes achieves greater surface roughness reduction with shorter processing times than the
individual application of ESD or hammer peening. Several heat treatments are also investigated to
address residual stresses and promote a precipitation hardening effect in the deposited Inconel 718.
Although Inconel 718 and Hastelloy X are both Ni-superalloys, appropriate processing of Inconel
718 can obtain a significantly higher hardness and strength than Hastelloy X [38]. As a result of
ESD and hammer peening, the surface and fatigue properties of LPBF-made Hastelloy X parts are

significantly improved.

6.2 Materials and Methods

6.2.1 Laser Powder Bed Fusion (LPBF)

In this study, an EOS M290 equipped with an Ytterbium fiber laser and gas atomized Hastelloy X
powder with a D50 (median diameter) of 29.3 um were used to manufacture cubic LPBF parts
(10 x 15 x 30 mm). All samples were made with similar processing parameters (laser power of

200 W, laser velocity of 900 mm/s, layer thickness of 0.06 mm and hatching spacing of 0.08 mm)
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using a rotated stripe scanning strategy. The build plate temperature was maintained at 80 °C
during the process. These samples were then post-processed for surface roughness analysis,
microhardness measurements, and microstructure characterization. The same process parameters

were also used to create fatigue testing samples described below.

6.2.2 Electrospark Deposition (ESD) and hammer peening

The side surfaces of LPBF parts were post-processed using a manually operated ESD machine and
handheld machine hammer peening tool provided by Huys Industries. ESD operates by
discharging a capacitor through a consumable electrode and conductive substrate. A 3.2 mm
diameter Inconel 718 electrode was used as shown in Figure 37a. During the process, small molten
droplets from the electrode (Figure 37b) are transferred to the substrate and solidified (Figure 37c).
Ultra-high purity argon shielding gas was delivered coaxially around the electrode during
deposition, and ESD parameters of 100 V, 80 uF and 150 Hz were used based on previous studies
that show high density and good mechanical properties [102,137]. Coatings were applied to 10
mm by 10 mm regions for various spark durations (25 s, 75 s, 125 s) in a raster scan pattern, with
the pattern rotated 90 ° between layers. The machine hammer peening tool operates by driving a
2.5 cm long, 4.8 mm diameter hardened tool steel rod using a rotating 21 g weight offset by 0.64
mm (Figure 38). Rotation occurs at a frequency of 100 Hz, and the vibration amplitude at the rod
tip is 0.5 mm. When peening was used, the ESD process was stopped every 12.5 s and peening
was applied to the entire coated area.
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Figure 37. Schematic showing a) overview of electrode and substrate, b) localized melting of

electrode and substrate during ESD, and c) material transfer and solidification
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Figure 38. Schematic of hammer peening tool mechanism showing vibration of a rod driven by

the rotation of an eccentric weight

6.2.3 Heat Treatment

Inconel 718 coated Hastelloy X samples were studied in several heat-treated conditions, described
in Table 16. All heat treatments were performed in a horizontal quartz tube furnace under ultra-
high purity argon gas, with a flow rate of 4 L/min and 250 Pa of positive pressure. The aging
temperature and time is selected based on the industry standard for Inconel 718 [177], and the
solution annealing temperature and time is selected based on literature studies of secondary phase

dissolution in rapid solidification processed Inconel 718 [178].

Table 16. Heat treatments for Inconel 718 coated Hastelloy X samples

Sample Heat Treatment

Direct Aged (DA) 720 °C for 8 hrs, 620 °C for 10 hrs, air cooled
Solution Annealed (SA) 1100 °C for 1 hr, water quenched

Solution Annealed and Aged | 1100 °C for 1 hr, water quenched

(SAA) 720 °C for 8 hrs, 620 °C for 10 hrs, air cooled

6.2.4 Characterization

Microstructure characterization was performed using a Zeiss UltraPlus scanning electron

microscope (SEM) with an AMETEK EDAX Apollo XL energy-dispersive X-ray spectroscopy
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(EDX) attachment. A TESCAN SEM was used for the analysis of fatigue fracture surfaces, and an
Oxford electron backscatter diffraction (EBSD) detector in a JEOL7000F SEM was used for
analysis of samples after heat treatment. A surface profile was obtained with a Keyence VK-X250
confocal laser microscope, and hardness results were obtained using a load of 0.1 kgf on a Wolpert
Wilson 402 MVD micro Vickers hardness tester.

A combination of ESD, peening, and heat treatments were used to create several post-processed
samples for surface profile analysis, microhardness evaluation, and fatigue testing. A breakdown

of samples created for each analysis is provided in Table 17.

Table 17. Post-processed LPBF Hastelloy X samples

Analysis Sample Sample Description
As-built No surface treatment
ESD With ESD Inconel 718 coating
Surface Profile ESD+HP Wlth. ESD Inconel 718 coating and hammer
peening
HP With hammer peening
ESD With ESD Inconel 718 coating
ESD+HP Wlth. ESD Inconel 718 coating and hammer
peening
_ ESD+HP+DA With ESD In_conel 718 coating, hammer peening
Microhardness and direct aging heat treatment
ESD+HP+SA With ESIZ_) Inconel ?18 coating, hammer peening
and solution annealing heat treatment
ESD+HP+SAA With ESF) Inconel ?18 coat!ng, hammer peening,
and solution annealing + aging heat treatment
As-built No surface treatment
HP With hammer peening
Fatigue life ESD+HP Wlth_ ESD Inconel 718 coating and hammer
peening
ESD+HP+DA With _ESD In_conel 718 coating, hammer peening
and direct aging heat treatment

6.2.5 Fatigue Testing

Post-processing of ESD+HP samples for fatigue testing consists of two layers of ESD Inconel 718

applied to the necked region of the fatigue specimens (built in a vertical orientation with
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dimensions shown in Figure 39a), with peening performed at the conclusion of each layer. A
second set of post-processed HP samples received an equivalent amount of peening as ESD+HP
samples, without the application of an Inconel 718 coating using ESD. The last set of post-
processed samples (ESD+HP+DA) were processed similarly to the ESD+HP samples, with the
addition of a direct aging heat treatment. The resulting post-processed samples are compared to

samples in the as-built condition, shown in Figure 39b.

An Instron 8872 servohydraulic fatigue testing system was used to test the room temperature

fatigue performance of LPBF Hastelloy X samples with and without post-processing using a stress

ratio (R :;’”—"") of 0.1 in tension-tension mode. Low cycle fatigue testing was performed at a

max

maximum stress of 550 MPa while the high cycle fatigue testing was done at a maximum of 350
MPa. A frequency of 5 Hz was used for all samples except the post-processed samples tested at
high cycle fatigue conditions. These samples were tested at a frequency of 5 Hz until 10° cycles,

and then switched to 30 Hz due to the long test durations.

Peening

ESD + Peening + Direct Aging

5 mm
Figure 39. a) Fatigue testing specimen dimensions in mm and b) samples in the as-built and post-

processed conditions
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6.2.6 Surface profile processing

To distinguish long-range and short-range imperfections (waviness and roughness), raw height
data (Figure 40a) was processed in MATLAB by applying a gaussian filter according to 1SO
16610-21 [179]. The long wave component (Figure 40b) was used to calculate the arithmetic mean
height of the surface waviness (W.), while the short wave component (Figure 40c) was used to

calculate the arithmetic mean height of the surface roughness (Sa).

250 ——— .

200 & ]
150 |
100 :
50; B
250
200
150 |
100
50

50F € 3

Roughness (um) Waviness (um) Original (um)

Distance (mm)
Figure 40. a) Original surface profile of an as-built sample, b) long wave portion of surface

profile, and c) short wave portion of surface profile

6.3 Results and discussion

6.3.1 ESD post-processing

The most notable features on the side surface of as-built parts are the partially fused particles
(PFPs) shown in Figure 41a. The adherence of these powder particles to the side surface can be
attributed to loose powder adjacent to the melt pool or spatter directed into the melt pool during
the LPBF process [158]. In these conditions, partial melting of the powder in the liquid melt pool
or the formation of sinter necks between the powder and the recently solidified melt pool will

occur. Some roughness can also be attributed to the underlying surface, which shows distinct melt
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pool tracks because of the contour step performed on each layer. Since the side walls are vertical,
other common contributors to surface roughness — such as the staircase effect in which angled

surfaces are created using discrete steps — are not present [157].

After a short 25 s ESD time, the surface shows splash features (Figure 41b) as a result of material
transfer from the electrode. PFPs are no longer visible, likely due to re-melting of the substrate
surface and coverage by material transferred from the electrode during ESD. A notable
improvement to surface roughness is obtained by intermittent peening during ESD, and is clearly
visible in the ESD+HP sample shown in Figure 41c. Although deposition time is also 25 s, splash

features are not visible, and the uneven surface has been mostly flattened except for some regions

that were too deep to reach with the peening tool.

alh R e

Figure 41. SEM images of the side surface of an as-built LPBF Hastelloy X part a) in the as-built
condition, b) after ESD coating of Inconel 718 without peening, and c) after ESD coating of
Inconel 718 with peening (ESD+HP)

The etched cross-section of an ESD+HP sample part after 75 s of ESD processing time is shown
in Figure 42a. A closer look at the interface between the coating and substrate shows evidence of
the Hastelloy X surface melting during ESD that removes PFPs from the surface. The cross-section
in Figure 42b shows a Hastelloy X particle — distinguishable due to its equiaxed grain structure —
that has been partially melted by the ESD process. The composition profile shown in Figure 42¢
identifies a 10 um region of deposited material with lower Nb and greater Mo content than is
expected from Inconel 718. Due to the spot size limitations of EDX measurements, the transition
region in which Hastelloy X and Inconel 718 mix can be said to be 10 um or less in size. Good
metallurgical compatibility is expected based on the similar compositions of both materials, and
the SEM/EDX analysis was unable to identify any intermetallics in the transition region.
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Figure 42. SEM images of a) an etched ESD+HP sample cross-section, b) partially melted

particle visible at the coating/substrate interface, and ¢) EDX line-scan as indicated in (b).

As shown in Figure 43a, the short deposition times (25 s) decrease the short-range surface
roughness from an initial Sy of 13.2 um in the as-built samples to 6.7 um in ESD processed
samples, 6.5 um in hammer peened (HP) samples, and 2.4 um in ESD+HP samples (49%, 51%,
and 82% decreases, respectively). The waviness also decreases from the as-built condition
although to a lesser extent, from a W, of 8.8 um to 7.2 um in ESD samples, 6.3 pum in hammer
peened (HP) samples and 4.9 um in ESD+HP samples (18%, 28%, and 45% decreases,
respectively). The surface profiles shown in Figure 43c clearly show the effect of ESD on the
surface roughness and waviness. The initial as-built surface has small localized peaks attributed to
PFPs that are the major contributor to surface roughness, which are removed by the ESD process.
Some longer-range waviness is present on the as-built surface and remains relatively unchanged
after 25s of ESD processing. With longer deposition times and increased material deposition these
wavy features grow preferentially while the roughness remains below the as-built condition.

The ability of peening to maintain a low surface waviness in conjunction with ESD can be
attributed to the mechanism by which ESD occurs. As described in [26], irregular contact geometry
strongly influences where the current discharge, spark discharge, and mass transfer occurs. Current
discharge occurs when the electrode and substrate make contact, which on a wavy substrate surface
is at the highest protruding region. When the contact is broken, spark discharge occurs, and molten
droplets are transferred from the electrode to the substrate. Due to strong electrostatic forces,
material is preferentially transferred to high points on the substrate surface [26,180]. When using
ESD on a LPBF-made surface, current discharge initially occurs through clusters of protruding
PFPs. The sinter necks that join these PFPs to the bulk part provide for a poor connection, resulting
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in higher resistance, increased joule heating, and lower thermal diffusion. The result is an initial
melting of these features (Figure 41b), which reduces the surface roughness even without the use
of peening (seen in Figure 43a for short deposition times of 25 s). Further depositions produce
elevated regions that further exacerbate the uneven transfer of material, forming islands as shown
in Figure 43c. However, the use of intermittent peening during ESD slows the preferential
deposition on elevated regions by flattening surface irregularities that appear at shorter intervals
(roughness) and preventing preferential buildup on these irregularities from forming longer

interval defects (waviness). This allows longer deposition times to have more uniform coatings.

The surface melting caused by ESD is critical to achieving a low surface roughness at short
processing times; a comparison to samples which were only peened (HP) in Figure 43a shows that
a combination of ESD and hammer peening is required to obtain low surface roughness, with either
process being less effective when used alone. In conjunction with peening, an ESD process can be
used to address both the need for reduced surface roughness and to change the surface properties
of LPBF parts.
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Figure 43. Comparison of a) surface roughness with standard deviations, b) coating thickness
with standard deviations, and c) 2D surface roughness maps for ESD coatings made using

various deposition times for as-built, ESD, and ESD+HP processed samples
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The use of peening — and by extension the surface condition of the part being coated — in ESD+HP
samples has no effect on the deposition thickness, although it does have an effect on the coating
distribution by minimizing the surface waviness as described previously. The similarities in
deposition thickness can be seen in Figure 43b, along with a clear difference in the standard
deviation of peened (ESD+HP) and non-peened (ESD) samples. This unequal variance is
quantified with the use of a Levene test [181], which shows in Table 18 a significant difference in
the variance of the thicknesses between ESD+HP and ESD samples after 75s and 125s of ESD
spark time. With the use of a Box-Cox transformation (A=0.3) to meet the assumptions of a normal
distribution and equal variance required for an ANOVA, the effect of peening, deposition time,
and their interaction could be analyzed. Only deposition time was found to influence the deposition
thickness (Table 19), with p-values for peening or the interaction between the two factors above
0.05. These results, which suggest that the use of peening has no effect on the average deposition
thickness but does reduce variance in the deposition thickness at longer deposition times, indicates
that the quantity of material transferred during ESD is not affected by the morphology of the
substrate surface. Instead, only the distribution of the transferred material changes when peening
IS used.

Table 18. Levene test for average deposition thickness data in Figure 43b comparing ESD+HP

and ESD samples

ESD Spark Time
Test Null Hypothesis (NH) 25s 75s 125s
Levene There is no difference in the variation | p = 0.568 p <0.001 p <0.001
of the deposition thickness Fail to reject NH | Reject NH Reject NH

Table 19. Average deposition thickness ANOVA for the effect of peening and deposition time

(Figure 43b)
Sum of Mean
Squares df | Square F p
Peening 3.44 1 3.44 1.52 0.218
Time 1671.4 2 835.7 369.78 <.001
Peening x Time 5.49 2 2.75 1.22 0.297
Residuals 1299.5 575 2.26

Inconel 718 coatings in ESD+HP samples show significantly higher hardness than LPBF Hastelloy
X (471 HV vs. 283 HV), as well as the formation of a roughly 200 um wide thermo-mechanically
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affected zone (TMAZ) in the Hastelloy X near the deposition interface (Figure 44a). The effect of
peening on hardness in both the deposition and TMAZ is made clear in Figure 44b, which shows
a47 HV decrease and significant reduction of the TMAZ when peening is not used (ESD samples).
However, the deposition hardness without peening (424 HV) is still high when compared to
Inconel 718 in the cast (225 HV), LPBF (325 HV) or electron beam melted (355 HV) condition
[182]. The difference is attributed to a faster cooling rate that forms a finer subgrain microstructure
(Figure 45a) and the presence of fine secondary phases (Figure 45b) that form during deposition
[49,82]. Some secondary phases are identified using EDX as oxides, ranging from sub-micron
sizes to several tens of microns. As seen clearly in Figure 45c, the oxides are rich in Al, Ti, and
Nb, while also containing similar Cr and Mo content as the surrounding matrix. The following
elements are arranged in terms of high to low standard free energies of formation for their oxides:
Al, Ti, Nb, Cr, Fe, Mo, and Ni [183]. As such, the inclusion of Mo in the oxide is unusual and may
be attributed to EDX peak overlap with Nb. The formation of these oxides is a common issue even
in well-controlled high purity argon atmospheres [184,185], and may be assisted by the diffusion

and segregation of elements at elevated temperatures that are favourable to oxidation [186].
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Figure 44. Microhardness values for Inconel 718 coating on Hastelloy X a) with peening
(ESD+HP samples) and b) without peening (ESD samples)

The LPBF Hastelloy X substrate also exhibits a cellular subgrain microstructure (

Figure 46a) with approximately twice the primary dendrite spacing compared to the ESD
processed Inconel 718 (0.8 um vs. 0.4 pm). Oxides were also identified within as-built LPBF
Hastelloy X (
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Figure 46b), although with slight differences in composition compared to ESD processed Inconel
718. The oxides were determined to contain Al, Ti, and Cr, but no Mo or Nb were detected. The
lack of Nb is expected since Hastelloy X does not contain much Nb, while the lack of Mo can be
explained by the lower oxidation potential of Mo compared to Al, Ti and Cr, as well as no

opportunity for EDX peak overlap with Nb.
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Figure 45. Microstructural features found within ESD Inconel 718 coating, including a) cellular
dendritic subgrains, b) small spherical oxide with EDX composition, and c) large irregularly

shaped oxide with corresponding EDX composition maps
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Figure 46. Microstructural features found within LPBF Hastelloy X, including a) cellular subgrains

and b) irregularly shaped oxide with corresponding EDX composition maps
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6.3.2 Heat treatment of ESD post-processed parts

Three heat treatments are investigated to determine their effect on microstructure and hardness of
ESD+HP samples. The first is a direct aging heat treatment that aims to precipitate the
strengthening y” phase in the deposited Inconel 718 coating. The result of this treatment on
microhardness is shown in Figure 47a. The second is an annealing heat treatment that aims to
solutionize interdendritic phases, recrystalize the microstructure, and remove residual stresses in
the Inconel 718 coating. The result of this treatment on microhardness is shown in Figure 47b. The
third heat treatment is a combination of the prior two; a solution annealing step is performed,
followed by an aging heat treatment. The result is shown in Figure 47c.
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Figure 47. Microhardness values for peened Inconel 718 coating on Hastelloy X after a) direct
aging (ESD+HP+DA samples), b) solution annealing (ESD+HP+SA), and c) solution annealing
and aging (ESD+HP+SAA)

Similar to the previously reported effect of direct aging on ESD processed Inconel 718 [137],
ESD+HP+DA samples show an increased Inconel 718 hardness of 523 HV (from 471 HV) while
having no significant effect on the TMAZ or Hastelloy X substrate. Aging of Inconel 718 results
in the formation of carbides (Figure 48a,b) and the formation of y”” and vy’ precipitates (Figure 48c)
with NisNb and Nis(Al, Ti) compositions, respectively. Since these samples are direct aged without
a solutionizing step, the interdendritic eutectic and potential Laves phase that forms during
solidification is retained (Figure 48d). Without sufficient quantities of Nb, Al, or Ti in Hastelloy
X, the typical y” and y’ precipitates that contribute to an increase in strength and hardness after
aging in other Ni-superalloys do not form. As such, only the deposited Inconel 718 is expected to

noticeably benefit from the direct aging heat treatment.
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Figure 48. SEM images of phases obtained after aging Inconel 718, including a) (Nb, Ti)C, b)
(Ti,Nb)CN, c) y” and y’ and d) retained interdendritic eutectic after direct aging that formed
during solidification

The use of a solution annealing heat treatment in ESD+HP+SA samples reduces hardness in the
deposition (from 471 HV to 390 HV) and in the TMAZ (Figure 47b). This is attributed to the
microstructural changes in the coating area after the solutionizing heat-treatment. To better
characterize these changes, EBSD analysis has been performed. In the ESD+HP sample coatings,
the inability to obtain clear EBSD results (Figure 49a) is due to severe distortion in the highly
deformed coating region. Literature has shown that more advanced indexing techniques are
required to resolve the low quality Kikuchi patterns obtained in this region [187]. The inability to

index ESD coatings also occurred in ESD sample coatings without peening, and therefore cannot
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be attributed solely to stresses introduced by peening. Some residual stresses can be attributed to
two additional mechanisms: quenching of transferred material upon contact with a substrate that
constrains its thermal contraction, and differences in coefficients of thermal expansion leading to
thermal stress [188]. The very rapid cooling experienced during ESD makes the first mechanism
a likely source of residual stresses, while the similar material composition between the Inconel
718 coating and Hastelloy X substrate suggests a smaller contribution from differing coefficients
of thermal expansion. The resulting distorted crystal structure causes Kikuchi bands to appear
diffuse [189], making EBSD analysis of grain orientation difficult. Shrinkage also affects the
substrate as seen in the Kernel average misorientation (KAM) maps, which show that the local
misorientation is increasing from the substrate core to the substrate/coating interface (Figure 49b).
The higher misorientation near the interface is attributed to the combination of peening and ESD,
during which the first mechanism — shrinkage of the coating during cooling — and peening both
apply a stress on the substrate and distort the crystal structure of the grains. This also corresponds

to the higher hardness in the Hastelloy X substrate near the interface.

After solution annealing, the dislocation annihilation and rearrangement that occurs during
recovery allows for proper indexing of the coating (Figure 49c). A narrow misoriented region with
a columnar grain morphology (Figure 49d) is found in the coating surrounded by equiaxed
ultrafine grains. This region of high misorientation is related to the pre-existing columnar grains
which form due to epitaxial grain growth during rapid solidification. However, the misorientation-
free regions in both the coating and TMAZ (Figure 49d) reveals that static recrystallization occurs,
with much finer recrystallized grains in the coating than in the substrate. With high dislocation
density being a driving force for recrystallization, the difference in final grain size can be attributed
to the higher misorientation originally present in the coating that increases the nucleation rate
during recrystallization. As such, even after an annealing heat treatment, the deposition hardness
remains above that of cast, LPBF, and EBM Inconel 718. In addition to the ultrafine grain size,
some secondary phases such as oxides are not solutionized during the heat treatment and continue

to contribute to the increased hardness.
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Figure 49. EBSD maps for a) as-deposited coating and substrate, b) KAM map of the as-
deposited sample, c) annealed and aged (ESD+HP+SAA) sample, and d) KAM map of the
annealed and aged (ESD+HP+SAA) sample

At the conclusion of an aging heat treatment performed on solution annealed samples
(ESD+HP+SAA), the hardness of the deposition increases to 460 HV. The 70 HV increase in the
Inconel 718 hardness when comparing the annealed coating to the annealed and aged condition is
attributed to the precipitation of the y” phase. However, since residual stresses and some secondary
phases have been removed during annealing, the deposition is 63 HV softer in the annealed and
aged state when compared to the direct aged state.

A comparison of time-temperature-transition diagrams show that Inconel 718 is more sensitive
than Hastelloy X to an aging heat treatment at 720 °C, with Inconel 718 forming the beneficial y”
phase [190]. This explains the significantly greater effect of aging on the hardness and strength of

Inconel 718. Due to minimal precipitation strengthening in Hastelloy X, the hardness outside of
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the TMAZ does not differ significantly after heat treatments. However, the annealing treatment
may alleviate some residual stresses that occur during LPBF, which may account for the 38 HV
drop between the as-built and annealed condition in Figure 47b. Both materials also form carbide
phases rapidly at 720 °C, with Hastelloy X forming MesC and M23Ce¢ carbides [191]. These often
have a negative influence on ductility in Hastelloy X, in addition to the negative influence on

ductility from the sigma phase reported to form between 650 °C and 760 °C [192].

6.4 Fatigue Response

The room temperature low and high cycle fatigue responses (LCF and HCF, respectively) of as-
built LPBF Hastelloy X are compared in Figure 50 to post-processed specimens in the hammer
peened (HP), ESD and hammer peened (ESD+HP), and ESD and hammer peened with a direct
aging heat treatment (ESD+HP+DA) conditions. Two stress levels, 550 MPa for LCF and 350
MPa for HCF, were chosen for comparison, and three samples per each condition were tested at
each stress level. The best performing condition (ESD+HP) showed a fatigue life improvement
from 3 times to two orders of magnitude depending on the stress level. Most ESD+HP samples
tested in LCF conditions showed a fatigue life improvement of up to 5 times, whereas those tested
in HCF conditions experienced runout (> 107 cycles) for a minimum fatigue life improvement of
50 times. However, one ESD+HP sample at each test condition failed sooner, showing only 3- and
10-times improvement (for LCF and HCF, respectively) over the as-built condition. Early fatigue
failure is attributed to sub-surface lack of fusion defects, while failure of the better performing
samples occurred in the Inconel 718 coating due to surface defects during ESD. Further failure
analysis is provided in Figure 51. Other post-processed conditions achieved smaller improvements
in fatigue life over the as-built condition. The use of hammer peening alone (HP samples) provided
a 1.7- and 2.4-times improvement at LCF and HCF conditions, respectively, while the
ESD+HP+DA samples showed a 2- and 10-times improvement, respectively.
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Figure 50. Results of fatigue testing as-built and post-processed specimens in LCF and HCF
conditions. Arrows indicate samples with interrupted tests without failures up to 107 (runout).

Even with defects arising from LPBF and ESD, the fatigue life of samples in the ESD+HP
condition are significantly improved. A comparison with the recent literature shows that the
proposed ESD+HP post-processing is more effective in increasing the fatigue performance than a
combined polishing (to Sa of 0.33 um) and hot isostatic pressing (HIP) technique, which could
only achieve up to 9x10° cycles at a maximum stress of 350 MPa [193]. The significant
improvement obtained by ESD+HP over the as-built or polished and HIPed condition reported in
the literature can be attributed to a combination of factors including the reduction in surface
roughness, the higher strength of the as-built Hastelloy X substrate and Inconel 718 coating, and

residual stresses introduced as a result of hammer peening and quenching stress during ESD.

ESD parameters for the ESD+HP samples were chosen specifically to reduce the as-built surface
roughness of 13.2 pm to a post-processed S, of 2.4 um, in accordance with the results presented
earlier (Figure 43a). This reduction in surface roughness has the effect of reducing the size of
notch-like features at the surface, which often act as stress risers and crack initiation sites. The
influence of roughness is reflected in calculations of the endurance limit stress (Aap), which is
effectively the maximum stress below which the crack propagation of a defect does not occur.

Equation (32) is used while implementing a linear fracture mechanics approach [194]:
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where f is a crack geometry dependent factor (1.122 for surface cracks), AK;, is the threshold

Aop

stress intensity for crack propagation, a is the crack length and K; is a stress concentration factor
dependent on surface roughness. This dependence for a sample under a tensile stress state is shown
in Equation (33) [195]:
Sa\ (S 33
Kt=1+2(?a)(5—3;) (33)
where S, is the arithmetic mean height, p is the valley profile radius, S,, is the maximum absolute
peak to valley height, and S, is the 10-point height. The description of K; in Equation (33)
incorporates several roughness and geometrical parameters that describe the influence of surface
roughness on crack propagation from a surface notch, which is effective at predicting the fatigue
life of additive manufactured parts [196]. Values of these roughness parameters for an ESD post-
processed surface and original as-built surface are shown in Table 20. The use of these parameters
in Equation (33) suggests a decrease in the stress concentration factor (K;) after ESD post-
processing of 2.9 times, resulting in a predicted endurance limit stress 2.9 times greater than in the
as-built condition according to Equation (32). With an actual endurance limit stress of 149 MPa
for the as-built samples [197], the runout obtained with ESD+HP post-processed samples at 350

MPa suggests that an endurance limit stress at least 2.35 times greater was achieved.

Table 20. Surface parameters and stress concentration factor determined with Eqn. (33)

As-built ESD + HP
Sq [um] | 13.2 2.4
Sy [um] 152.48 90.54
S, [um] 73.81 34.97
p [um] 8.98 8.63
K, 7.07 2.44

Since a combination of ESD and hammer peening demonstrated a lower surface roughness than
hammer peening alone, a greater fatigue life for ESD+HP samples when compared to HP samples
is justified. This also suggests that the compressive residual stresses introduced by the peening
process, which have been shown to delay crack initiation and propagation originating at the surface

[198], is not likely a major contributor to the improved fatigue life. The presence of an ESD
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processed Inconel 718 coating in the ESD+HP samples is expected to account for some of the
difference in performance. One contributor to the improved fatigue life may be attributed to the
introduction of residual stresses from the quenching of deposited material during ESD.
Additionally, the influence of Inconel 718’s better mechanical properties would be reflected in the
value of AK,; in Equation (32), since the threshold stress intensity factor for propagation varies
depending on the material and microstructure. One benefit to ESD processed Inconel 718 is the
small grain size, which has been shown to improve fatigue life by increasing boundary tortuosity

and increasing the crack growth resistance in Ni-superalloys [199,200].

The lack of heat treatment in the ESD+HP condition was also found to be beneficial, since the
Hastelloy X substrate and Inconel 718 coating retain both their high hardness and residual stresses
introduced during peening and ESD/LPBF. High temperature heat treatments were found to be
detrimental to fatigue life in literature, which caused softening of Hastelloy X [193]. However,
more modest heat treatment temperatures were also found detrimental in this study. A direct aging
heat treatment in ESD+HP+DA samples introduced y” precipitates to increase strength in the
Inconel 718 coating (Figure 47a), yet still resulted in a smaller fatigue life improvement over the
as-built condition when compared to ESD+HP samples (Figure 50). Since temperatures and heat
treatment times are too low to relieve residual stresses from the LPBF, ESD, or hammer peening
processes (as concluded from Figure 47a), one potential cause is the formation of detrimental grain
boundary phases in the Hastelloy X. These have been found to reduce room-temperature ductility
in the temperature range used for direct aging in this study [192]. However, these precipitates are
less brittle at elevated temperatures and were found to not influence the typical service temperature
properties of Hastelloy X [192]. Although further studies are required to identify the influence of
heat treatment on the microstructure and fatigue properties of LPBF-made Hastelloy X, the
decrease in fatigue performance between ESD+HP and ESD+HP+DA samples indicates that the

room-temperature fatigue performance is highly sensitive to heat treatment.

Fracture surface analysis was performed on the only ESD+HP sample that failed at an HCF stress
level of 350 MPa. Several sub-surface lack of fusion defects like the one shown in Figure 51a were
identified near the surface of this sample, with failure appearing to originate from these defects.
The close proximity of these defects to the surface of the part is likely responsible for the premature

failure, with previous studies having shown that defects nearer the surface result in a lower fatigue
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life [10]. An analysis of an as-built sample tested at a LCF stress level of 550 MPa shows that
failure originated from roughness-related defects on the part surface, as can be seen in Figure 51b.
This also remains true of ESD+HP samples tested at 550 MPa, with Figure 51c showing that
cracking originates at the part surface. This alleviated initial concerns that brittle phases in the as-
deposited Inconel 718 would encourage crack initiation and propagation [122]. A previous study
identified a low fracture toughness along the interdendritic regions and droplet boundaries found
in ESD processed Inconel 718 subjected to tensile testing [102]. However, the brittle interdendritic
Laves phase that forms in Inconel 718 does not fracture at the low stresses investigated within this
study, and has instead been shown to improve fatigue strength by hindering crack propagation
[45]. Another concern is the large oxide phases identified within the Inconel 718 coating (Figure
45c¢), which show cracking prior to fatigue testing and could be considered potential crack
initiation sources. No evidence of this was observed, with none of the observed oxides near the

surface (Figure 51c) acting as crack initiation sites.

Figure 51. Fracture initiation sites in a) ESD+HP sample at 350 MPa maximum stress level, b)
as-built sample at 550 MPa maximum stress level, ¢) ESD+HP sample at 550 MPa maximum

stress level with EDX map of oxide particle
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6.5 Conclusion

The surface treatment of laser powder bed fusion (LPBF) made Hastelloy X samples was

performed using a combined electrospark deposition (ESD) and hammer peening technique. This

post-processing method addresses the surface roughness and the surface property issues of LPBF

through the deposition of an Inconel 718 coating.

A surface roughness (Ra) reduction of 82 %, surface hardness increase of 85 %, and Inconel
718 coating of 20 um was obtained with an ESD spark time of 25 s in a 1 cm? area and
hammer peening. Although peening reduced surface roughness, increased the hardness of
the deposited coating, and increased the size of the thermo-mechanically affected zone
(TMAZ), it was not found to influence the average coating thickness.

The use of typical Inconel 718 heat treatments had limited effect on the LPBF additive
manufactured Hastelloy X substrate hardness while significantly altering the
microstructure and hardness of the Inconel 718 coating. Direct aged samples showed an
increase in hardness alongside a precipitation of the y”” and y’ phases. An annealing and
aging heat treatment partially recrystallized the Inconel 718 grain structure and eliminated
the TMAZ prior to forming the strengthening y” and y’ phases.

The use of an ESD Inconel 718 coating and hammer peening on LPBF additive
manufactured Hastelloy X resulted in a greater than 50 times improvement in cycles to
failure (reaching > 107 cycles) at a stress of 350 MPa and an up to 5 times improvement in
cycles to failure (to 1.5x10° cycles) at a stress of 550 MPa. The improvement in the
endurance limit can be primarily attributed to a reduction in surface roughness and better

properties of the coating material.
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Chapter 7. Summary

7.1 Conclusion

Although each chapter provides a conclusion specific to the chapter’s respective study, this

conclusion aims to present a broader summary in the context of the larger objective: the

development of an ESD process for the repair and coating of heat-sensitive parts. Three studies

were performed to determine the influence of subgrain microstructure and the role of boundaries

in the mechanical properties and phase transformations of ESD-processed Inconel 718. These

results provide the understanding needed to explain the behaviour of ESD-processed materials and

tailor process parameters for applications that require high-performance repairs and coatings. The

methods used and the main findings are summarized below:

Thinner deposition splats are found to cool more quickly, resulting in finer subgrain
features. The relationship between deposition splat thickness and subgrain diameter is well
fit by an exponential relationship based on the coarsening equation and was extended to
the Hall-Petch relationship. The resulting relationship appropriately fits experimental data
relating the deposition splat thickness and microhardness. Thinner deposition splats with
finer subgrains have higher microhardness, such that depositions performed with lower
energy input process parameters, in which smaller droplet volumes are transferred, will
exhibit better mechanical properties.

Evaluations of tensile strength in ESD repaired cavities showed that process parameters
which resulted in thinner deposition splats and higher microhardness also demonstrated
higher yield strength. Thinner splats and smaller subgrains introduce a greater number of
boundaries in the deposited material, which are known to resist the movement of
dislocations and increase yield strength. From these studies, coatings and repairs performed
with lower energy parameters result in increased coating hardness and improved tensile
properties than those performed with higher energy parameters. Therefore, lower energy
parameters are recommended when a lower deposition rate is acceptable.

A crack propagation study was performed to determine the reason for the lower ultimate
strength in ESD repaired cavities compared to the base metal. Unique step-like facets were
observed along the fracture surface of repaired cavities, caused by an alternating crack path
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direction along splat and subgrain boundaries. Stress intensity factors were used to
determine the relative fracture toughness of the two boundaries, based on the angle of crack
propagation relative to the applied tensile load. Using this method, splat boundaries were
determined to have 30% of the fracture toughness of subgrain boundaries. Fracture
toughness at the subgrain boundaries is negatively affected due to micro-segregation and
brittle phases, while splat boundaries are assumed to be affected by dislocation density and
impurities.

Micro-segregation of Nb at subgrain boundaries during solidification provides a greater
number of nucleation sites for the 6 phase in an ESD-processed alloy 718 when compared
to a homogenized alloy 718. A nucleation site model which allows for a relative
comparison of nucleation sites is able to explain the greater number of proportionally
smaller & precipitates forming in the ESD-processed alloy 718 when exposed to elevated
temperatures. Results show that the formation of the & phase at 700 °C and above is
detrimental to strength since it is accompanied by dissolution of the y” strengthening phase.

The results from the previous studies guided the application of ESD as a technique to address poor

surface conditions and low fatigue life in LPBF additive manufactured parts. LPBF-made

Hastelloy X parts are treated with an ESD processed Inconel 718 coating and a hammer peening

process. This study demonstrates ESD as a viable technique for the coating of additive

manufactured parts, capable of selectively enhancing areas susceptible to crack initiation and

fatigue failure. The smaller heat input associated with the ESD process should also allow for the

application of this technique to the small features possible with an LPBF process.

The deposition mechanism during ESD, where current discharge occurs through
protrusions on the surface, has the benefit of melting those protrusions. This results in an
initial decrease in surface roughness. Intermittent hammer peening is shown to reduce the
preferential buildup of material that develops during longer ESD processing times. The
combination of ESD and hammer peening obtains lower surface roughness (82 %) than
their individual use.

Several heat treatments performed on ESD coated samples identified direct aging as the

most beneficial heat treatment process for obtaining high hardness Inconel 718 coatings.
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A solution annealing heat treatment was found to induce recrystallization in the Inconel
718 coating, while eliminating the micro-segregation present at subgrain boundaries.
Experimental measurements of the surface roughness in as-built LPBF-made Hastelloy X
parts and those post-processed with both ESD Inconel 718 coating and hammer peening
provided the data needed to calculate the endurance limit stress based on threshold stress
intensities for crack propagation. The reduction in surface roughness due to post-
processing was predicted to result in a 2.9-times increase in the endurance limit stress. The
improvement at a maximum stress level of 350 MPa was significant, with a 50-times
increase in fatigue life and two of the three post-processed samples experiencing runout. A
comparison of these samples to those only post-processed with hammer peening, which
showed an improvement in fatigue life of 2.4-times, shows that the significant
improvement in fatigue life cannot solely be attributed to compressive stresses introduced
by hammer peening.

7.2 Outlook

This thesis has two primary objectives, both of which lead to future research directions and

applications in industry:

The influence of microstructure on room temperature hardness, tensile strength, and fatigue
life has been thoroughly studied in this thesis. However, these alloys are also often used at
both cryogenic and elevated temperatures. Expanding these studies to consider the
influence of temperature on mechanical properties with fine subgrain structures, splat
boundaries, and delta phase formation at subgrains would be beneficial for targeting
specific applications.

The notable improvement in fatigue life possible with the use of ESD surface post-
processing is expected to be a significant benefit to industry. The comparatively small
deposition rate and geometrical limitations associated with ESD are expected to limit the
application of this technique to externally accessible surfaces and critical regions of
additive manufactured parts. An ideal application envisions the use of finite element stress
analysis to locate regions in additive manufactured parts that are susceptible to fatigue

failure, and the application of ESD coatings in those regions.
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e One of the included studies aimed to improve fatigue life in a Hastelloy X part made using
LPBF additive manufacturing by depositing an Inconel 718 coating using ESD. The better
mechanical properties of Inconel 718 were expected to contribute to the improved
performance, however achieving similar improvement in fatigue performance using other
alloys as the coating (similar or dissimilar to the substrate) would be of interest.
Specifically of interest for high temperature applications are oxidation resistant alloys
(aluminides or NiCoCrAlY), which are already used in industry and have already been
demonstrated processable using ESD [17]. Additional research may also consider
extending the ESD surface post-processing technique to other additive manufacturing

processes.
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