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Summary

Heat exchangers are essential for temperature regulation across various
industries, from everyday applications to space exploration. Over time, these devices
have evolved from simple clay vessels to complex structures made from advanced
metal alloys and ceramics. In modern engineering, additive manufacturing (AM) has
revolutionized heat exchanger production, enabling the creation of thin-walled
structures with complex internal channels designed for efficient fluid flow. This is
particularly critical in industries such as aerospace, power generation, and
manufacturing, where components must be compact, lightweight, and capable of
withstanding extreme temperatures and pressures. However, traditional AM methods
like laser powder bed fusion (L-PBF) are constrained by size limitations,
necessitating new manufacturing techniques to meet industry demands for compact
large scale heat exchangers.

This research addresses the challenges of developing the Laser Powder Directed
Energy Deposition (LP-DED) process for extreme-environment heat exchangers.
Process and flow test experiments were conducted, along with comprehensive
characterization of LP-DED-fabricated microchannels, which are thin-walled (1 mm)
and capable of containing cryogenic or high-temperature pressurized fluids. The
results from the research establishes LP-DED as a viable technology for heat
exchanger fabrication by addressing challenges related to geometry, wall thickness,
surface texture, and the fluid dynamics of these unique AM surfaces. Three key
research questions guide the study:

1. How is the surface texture of heat exchanger microchannels affected by the
LP-DED fabrication process?

2.  What are the geometrical relationships and sensitivities affecting fluid flow
performance if heat exchanger channels are manufactured with the LP-
DED process?

3. What improvements can be made to control the surface texture of thin-wall
LP-DED internal microchannels?

A detailed literature review identifies significant gaps in current thin-wall LP-
DED manufacturing and internal surface enhancement techniques. An experimental
study examines LP-DED process mechanics and build parameters, focusing on their
influence of the thin-wall surface texture and the effect of build angles on both open
and closed structures. This research establishes guidelines for Design for Additive
Manufacturing (DfAM), addressing process limitations, surface texture, and wall
thickness metrics for the LP-DED process.

This research introduces microchannels fabricated using LP-DED in various
sizes, with their internal and external surface textures, wall thicknesses, and
repeatability characterized. These microchannels are then processed internally using
various surface enhancement techniques to provide variations of the surface finish.
Two experimental studies were conducted, with comprehensive characterization
performed of the internal channel surfaces to evaluate the variations in surface texture

Xl



resulting from the enhancement processes and their relationship to flow resistance
and friction factors.

Key innovations include the characterization of a new hydrogen-resistant alloy
(NASA HR-1), which provides foundational data for heat exchanger design. The
study also identifies surface texture mechanisms that affect fluid friction factors,
resulting from distinct enhancement techniques such as peak smoothing, roughness
minimization, waviness, and valley reduction. Additionally, friction factors and
differential pressure in LP-DED-fabricated microchannels, both in as-built and
surface-enhanced conditions, were investigated. Surface treatments such as abrasive
flow machining, chemical milling, and chemical mechanical polishing were
evaluated. The experimental results and comprehensive surface texture
characterization led to the development of new correlations for calculating the
hydraulic diameter of square channels and predicting sand grain roughness and
friction factors. These correlations resulted in pressure drop predictions with
deviations of less than 20% from experimental data, offering a 50% improvement
over previous models.
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Samenvatting (Dutch)

Warmtewisselaars zijn essentieel voor temperatuurregeling in verschillende
industrieén, van alledaagse toepassingen tot ruimteverkenning. In de loop van de tijd
zijn deze apparaten geévolueerd van eenvoudige kleivaten tot complexe structuren
gemaakt van geavanceerde metaallegeringen en keramiek. In de moderne techniek
heeft additieve fabricage (AM) de productie van warmtewisselaars getransformeerd,
waardoor de creatie van dunwandige structuren met complexe interne kanalen
mogelijk is gemaakt, die zijn ontworpen voor efficiénte vloeistofstroming. Dit is
vooral cruciaal in sectoren zoals de lucht- en ruimtevaart, energieopwekking en
productie, waar onderdelen compact, licht en bestand tegen extreme temperaturen en
drukken moeten zijn. Traditionele AM-methoden, zoals laserpoederbedfusie (L-
PBF), hebben echter beperkingen in grootte, waardoor nieuwe productietechnieken
nodig zijn om te voldoen aan de industriéle vraag naar compacte grootschalige
warmtewisselaars.

Dit onderzoek richt zich op de ontwikkeling van het Laser Powder Directed
Energy Deposition (LP-DED) proces voor warmtewisselaars die geschikt zijn voor
extreme omgevingen. Proces- en stromingstests zijn uitgevoerd, samen met
uitgebreide karakterisering van LP-DED-gefabriceerde microkanalen, die dunwandig
zijn (1 mm) en in staat zijn cryogene of hoog-temperatuur-geperste vloeistoffen te
bevatten. De onderzoeksresultaten tonen aan dat LP-DED een levensvatbare
technologie is voor de fabricage van warmtewisselaars, door uitdagingen aan te
pakken met betrekking tot geometrie, wanddikte, oppervlaktetextuur en de
vloeistofdynamica van deze unieke AM-oppervlakken. Drie belangrijke
onderzoeksvragen sturen de studie:

1. Hoe wordt de oppervlakteafwerking van warmtewisselermicrokanalen
beinvloed door het LP-DED-fabricageproces?

2. Wat zijn de geometrische relaties en gevoeligheden die de prestatie van de
vloeistofstroom beinvloeden als warmtewisselarkanalen worden
vervaardigd met het LP-DED-proces?

3. Welke verbeteringen kunnen worden doorgevoerd om de
oppervlakteafwerking van dunwandige LP-DED interne microkanalen te
beheersen?

Een gedetailleerd literatuuronderzoek identificeert significante hiaten in de
huidige  dunwandige LP-DED-productie en technieken wvoor interne
oppervlakteverbetering. Een experimenteel onderzoek onderzoekt de mechanica van
het LP-DED-proces en bouwparameters, met de nadruk op hun invlioed op de
oppervlaktetextuur van dunne wanden en het effect van bouwhoeken op zowel open
als gesloten structuren. Dit onderzoek stelt richtlijnen op voor Design for Additive
Manufacturing  (DfAM), waarin  proceslimieten, oppervlaktetextuur en
wanddiktecriteria voor het LP-DED-proces worden behandeld.

Dit onderzoek introduceert microkanalen, vervaardigd met LP-DED in
verschillende afmetingen, met hun interne en externe oppervlaktetexturen,
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wanddiktes en herhaalbaarheid gekarakteriseerd. Deze microkanalen worden
vervolgens intern verwerkt met verschillende oppervlakteverbeteringstechnieken om
variaties in de afwerking te bieden. Twee experimentele studies zijn uitgevoerd, met
een uitgebreide karakterisering van de interne kanaaloppervlakken om de variaties in
oppervlaktetextuur als gevolg van de verbeteringstechnieken te evalueren en hun
relatie tot stromingsweerstand en wrijvingsfactoren.

Belangrijke innovaties zijn onder andere de karakterisering van een nieuwe
waterstofbestendige legering (NASA HR-1), die fundamentele gegevens voor
warmtewisselaarontwerp biedt. De studie identificeert ook
oppervlaktetextuurmechanismen die invloed hebben op wrijvingsfactoren van
vloeistoffen, resulterend uit specifieke verbeteringstechnieken zoals piekafvlakking,
ruwheidsminimalisatie, golving en dalreductie. Bovendien zijn wrijvingsfactoren en
drukverschillen in LP-DED-gefabriceerde microkanalen onderzocht, zowel in de
oorspronkelijke staat als na oppervlakteverbetering. Oppervlaktebehandelingen zoals
abrasieve stroombewerking, chemisch frezen en chemisch mechanisch polijsten zijn
geévalueerd. De experimentele resultaten en uitgebreide
oppervlaktetextuurkarakterisering hebben geleid tot de ontwikkeling van nieuwe
correlaties voor het berekenen van de hydraulische diameter van vierkante kanalen
en het voorspellen van zandkorrelruwheid en wrijvingsfactoren. Deze correlaties
resulteerden in drukvalvoorspellingen met afwijkingen van minder dan 20% van
experimentele gegevens, wat een verbetering van 50% biedt ten opzichte van eerdere
modellen.
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Nomenclature

o = angle of wall in degrees

A = area (mm?)

App = Average area of as-built channels

Ach = Avrea of channel being measured

AB = As-built

AFM = Abrasive flow machining

AM = Additive Manufacturing

ANOVA = Analysis of Variance

BD = Build direction

Cd = Discharge coefficient

CM = Chemical milling

CMP = Chemical mechanical polishing

cVv = Coefficient of variation

AP = differential pressure (bar)

DED = directed energy deposition

DfAM = Design for additive manufacturing

Dy, = Hydraulic diameter

Dy = Hydraulic diameter, based on \/Apeas
Dy, = Adjusted hydraulic diameter for texture
DOE = Design of Experiments

HEE = Hydrogen Environment Embrittlement
F = powder feedrate, in grams/min

fa = Friction Factor, Avci and Kargoz

fs = Friction Factor, Brkic and Cojbasic

fc = Friction Factor, Colebrook-White

fo = Friction Factor, Darcy

fm = Friction Factor, based on Moody

fs = Friction Factor, Swamee and Jain

fr = Friction Factor, Mileikovskyi and Tkachenko
FP = Fine powder

Jc = gravitational constant

K’ = Proportionality constant (2.35)

K, = Sand grain roughness

A = large-scale band pass filter (also Lc)

As = small-scale (noise) filter (also Ls)

L = length (mm)

L-PBF = Laser Powder Bed Fusion

LP-DED = Laser Powder Directed Energy Deposition
MSFC = Marshall Space Flight Center

m = mass flow rate (kg/sec)

MR = material removal (um)

n = Exponent (0.005)

NASAHR-1 = Fe-Ni-Cr Hydrogen Resistant superalloy
P = Power, in watts

P = perimeter (mm)

[P] = Primary filtering (waviness and roughness)
Pa = Directional 2D profile average height
PBF = powder bed fusion
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Pku

Ppm
PSD
Psk
PT
Pv
Pz
[R]
Re

Ra
Rk
Rz
St
Sa
Sdr
SEM
Sk
Sku
Sp
Spd
Spk

Ssk
Sv
Svk
Sz
TC
TEM

Vwv

Wa
Wp
WPc
Wit

Pulsed electrochemical machining

2D Profile Kurtosis

2D Profile Peak Height

part per million

Particle Size Distribution

2D Profile Skewness

pressure transducer

2D Profile Valley depth

Average Maximum Profile Height

Roughness filtered

Reynolds number

density of water (grams/cm?q)

Arithmetic mean directional roughness (Ac at 0.8 mm)
2D directional core roughness (Ac at 0.8 mm)
Average directional maximum profile height (Ac at 0.8 mm)
measured surface texture/roughness

Average texture

Developed interfacial area ratio

Scanning Electron Microscope

Core texture depth
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Maximum peak height

Roughness Peak Density

reduced peak height

Root mean square (RMS) height

Skewness

Maximum valley depth

Reduced valley depth

Maximum surface height

thermocouple

Thermal energy method

dynamic viscosity (Pa-s)

Traverse scan speed of deposition head, in mm/min
kinematic viscosity (m?/sec)

dale void volume (um?3/um?)

Watts

Arithmetic mean directional waviness (Ac at 0.8 mm)
Waviness peak height (Ac at 0.8 mm)

Waviness peak density (Ac at 0.8 mm)

Wall thickness, in mm
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Chapter 1

Introduction and Background

1.1 BACKGROUND

Heat exchangers surround us in our daily lives, finding application in our homes,
offices, transportation systems, and various industrial sectors responsible for
producing the goods and energy we consume. These devices play a crucial role in the
efficient management and regulation of temperatures. In our homes, miniature heat
sinks dissipate the heat generated by processing chips in our computers, while in
vehicles, radiators circulate cooling fluids, maintaining engine temperatures and
transferring energy to the surrounding air. Even the climate within buildings is
regulated by heat exchangers, with plate heat exchangers and earth tubes enabling
environmentally friendly heating and cooling systems. In contrast, the colossal shell
and tube heat exchangers, resembling buildings in size, are integral to processes in
petroleum refineries, chemical and steel industries, and power generation, facilitating
efficient heat transfer between fluid mediums [1].

The comprehension of the physics underlying the functioning of heat exchangers
and their critical role in our world has matured over decades, if not centuries, of
practical application. The evolution of heat exchanger complexity is evident,
progressing from rudimentary clay pots to high-tech ceramics and advanced metal
alloys featuring intricate internal design features and channels. Today, the ability to
manufacture thin-walled heat exchanger structures using high-temperature metal
alloys, while actively flowing fluids through labyrinthine channels, has propelled
modern advancements in industrial, power, and aerospace sectors. The demanding
environments of aviation and space flight necessitate materials characterized by high
strength, resistance to elevated temperatures, and high strength-to-weight ratio. The
aerospace sector is often the first to adopt these advanced materials and processing
thereof. These advancements in aerospace materials, design optimization methods,
and specialized manufacturing processes often infuse into various industries
including power and energy, oil and gas, industrial manufacturing, and many others,
resulting in far-reaching societal impacts beyond aerospace applications.

Heat exchangers for use in aerospace applications are critical components
because they must be efficient, compact, and low mass and often operate with
working fluids at extreme temperatures or pressures or both. Various components and
systems use heat exchangers such as power plants, chemical processing plants, gas
turbines, hypersonic leading edges and control surfaces, fuel cells (air supply and
thermal management), electric batteries and avionics cooling (thermal management),

Chapter 1—1



Chapter 1

evaporators and recuperators of waste-heat-to-power systems, and rocket engines
[2,3]. Ultra-compact and ultra-efficient heat exchangers are enablers of new
propulsion systems, such as rotating detonation rocket engines [4].

The focus of the work documented in this thesis is on a novel manufacturing
technology for extreme environment heat exchangers, namely Directed Energy
Deposition (DED), and on the characterization of the achievable fluid dynamic
performance if this technology is applied to these heat exchangers. These components
are thin-walled (< 2 mm) and contain pressurized working fluids at cryogenic (-253
°C) or extreme temperatures (> 3300 °C) and high pressures (> 400 bar), or both [5].
Currently, a prominent application for this type of heat exchangers is their use for the
regenerative cooling of liquid fuel rocket engine nozzles. They can also be used for
the cooling of the combustion chambers of these rockets, and for the repressurization
systems of launch vehicles. Examples of demonstrator parts fabricated in parallel
with this research are shown in Figure 1.1.

Ty v
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Figure 1.1. Examples of LP-DED manufacturing demonstrator heat
exchangers built. A) LP-DED process shown depositing integral channels, B)
Integral channel nozzle shown in LP-DED machine at 1.52 m diameter and
1.78 m height, C) Example of complex geometry using LP-DED aluminum
6061-RAM2, D) Examples of channels with 1.5 mm wall thickness in A6061-
RAM2. From Ref. [6,7]
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While there are many applications of heat exchangers, one of the most extreme
environments they are used within is liquid rocket engines. In a liquid rocket engine
system, the functionality of the overall system relies critically on heat exchanger
components, specifically, the regeneratively-cooled or channel-cooled combustion
chamber and nozzle. These system considerations involve a complex balance
between component pressure drop, temperature rise, mass, cost, and reliability, in
addition to other technical and programmatic metrics [8,9]. While the combustion
chamber and nozzle direct the hot combustion products to create thrust, they
incorporate integral channels to allow for active cooling of the internal surface to
maintain adequate structural margins to prevent failure [10]. These internal channels
act as a heat exchanger between the hot combustion gases and propellant being used
for active cooling to increase the performance of the thermodynamic cycle. Heat
exchangers allow for performance optimization through increases or decreases in
fluid temperature, or through the reduction of structural wall temperatures through
active cooling for high heat flux environments [1].

1.2 TRADITIONAL MANUFACTURING
METHODS

Compact heat exchangers are designed and realized using tubes, micro-channels,
passages of various shapes, or fins to increase the surface area and require thin-walls
(<2 mm) and compact form factors to minimize overall mass. While complex designs
can be conceptualized and analyzed, the heat exchanger must be manufacturable with
tight tolerances to contain high pressure fluids, which often limit the design space. In
addition to meeting technical performance and manufacturing requirements,
programmatic requirements (cost, schedule, reliability, maintainability, risk
tolerance) must also be considered to ensure that a part is optimized for integration
and use in the overall system. Given that the environments that these propulsion
components must endure can be challenging or even extreme, the manufacturing to
meet these specifications often require long lead times due to specialty processes and
unique tooling associated with the combined thin-wall integral channel and large-
scale structures.

Traditional manufacturing technologies for actively-cooled combustion
chambers and nozzle heat exchangers include either tube-wall fabrication or channel-
wall fabrication methods [11]. Tube-wall regeneratively-cooled components use a
series of individual tubes that are bonded together by brazing or other joining methods
in order to form the complete structure (Figure 1.2) [12]. Channel-wall manufacturing
methods use an internal liner with slotted channels that are closed out using plating,
brazing, laser welding or other bonding methods [13]. This forms the channels that
contain the high pressure fluid [14]. With either of the fabrication methods, a series
of manifolds distributes the fluid (fuel or oxidizer) to the individual channels or tubes.
Alternate methods of cooling include film cooling through slots or transpiration
cooling, but dependent on the engine cycle selected [12].
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Braze Bond or Closeout and/or Structural Jacket ~ Channel Wall
Closeout Interface (Coldwall)
} Inner Liner

Structural Jacket (Coldwall) Tube Wall

Coolant Channel
Lands (or rib)
Fluid Hotwall

Braze Bonds

\Tube

Fluid Hotwall

Figure 1.2. Schematic cross-section of cooling channels for actively-cooled
chambers or nozzles which are different, depending on the adopted
manufacturing method. From Ref. [15].

Various manufacturing techniques for fabrication of combustion chambers and
nozzles have been evaluated and matured. An overview of the various steps to
produce a traditional channel-wall component, including the liner perform, formation
of the coolant channels, closeout of the coolant channels, and assembly of the
manifolds, are illustrated in Figure 1.3 [13]. The traditional manufacturing process
includes brazing, joining (welding), and plating. These techniques are actively used
for production of flight components and can produce cooling channels capable of
containing the high pressure propellants [16-18]. Several advanced techniques, some
of which achieved flight maturity, include pressure-assisted hot isostatic pressing
(HIP) bonding, vacuum plasma spraying (VPS), and laser welding of sandwich wall
nozzles [19,20]. These novel techniques have proven advantageous over the more
traditional brazing and plating processes.

Pressure-assisted HIP bonding has been used to improve bonding between the
liner and structural jacket. This process uses pressure to deform the liner into close
contact with the jacket and the brazing foil is melted to create the bond [21]. This
approach has successfully reduced the amount of scrapped units and established a
robust metallurgical bond. However, its limitations include the need for significant
tooling, experimental development for heating and cooling rates of the HIP cycle,
and detailed models to predict liner deformation for determining appropriate brazing
gaps. VPS has been utilized for the closeout of chambers and nozzles by depositing
material onto a slotted liner forming the closeout of the channels which must resist to
the pressure of the propellant. This method improved the strength of the bond
between the liner and jacket, but the channels must be filled with a sacrificial
material, which is later removed. Challenges arise as the filler material needs to be
compatible with the elevated temperatures of the deposition, leading to common
blockages within channels.
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The laser-welded sandwich nozzle process employs a laser welding technique to
weld each channel rib/land between the internal liner and closeout jacket. This
process actively tracks each rib seam in real-time using X-ray technology, followed
by the laser weld bead [22]. While this process automates the closeout process, it still
requires the initial forming and slotting of the inner and outer cones to ensure proper
gaps for welding. The overall process involves multiple pieces and post-processing
steps to complete a nozzle.

These traditional manufacturing techniques and their associated lifecycles
involve sequential steps and potential long-lead times for materials or processing
(e.g., forging, liner machining, slotting, closeout, etc.), which in turn introduce the
possibility of issues [15,23]. Despite advancements, these methods still necessitate
sheet forming or forgings, tight-tolerance machining, slotting of coolant channels,
and assembly operations to ensure leak-free joints. The extensive tooling required for
these processes often causes higher costs than the actual components being built.

()

Liner Forming Slotting/Channels Closeout and Jacket Manifolds

* Forging * Slitting Saw * Pressure Assisted Braze * Wrought and Machined

* Spin Forming * End Milling « Standard Atmosphere Braze || * Directed Energy Deposition
* Shear Forming * Water Jet Milling « Multi-Piece L-PBF « Laser Powder
* Powder Metallurgy * Electrochemical * Vacuum Plasma Spray « Laser Wire
+ Directed Energy Deposition || * Plunge EDM * Electroplating * Arc Wire
* Laser Powder * Pulsed ECM « Coldspray « Multi-Piece L-PBF
* Laser Wire * Multi-Piece L-PBF * Directed Energy Deposition || * Platelets
* Arc Wire * Platelets * Laser Powder * Casting
* Multi-Piece L-PBF * Freeform DED Cladding « Laser Wire Direct * Molded Composites
* Platelets * Additive Manufacturing Closeout (LWDC)
* Explosive Forming * Arc Wire
Coldspray * Explosive Bonding

Casting * Ultrasonic
Hydroforming Laser Welding
Vacuum Plasma Spray Diffusion Bonding

* Platelets

Casting

* Composite Overwrap

“ e e

Figure 1.3. Process steps and fabrication options for channel wall nozzles and
combustion chambers of rocket engines [13].

Manufacturing technologies are continually being developed to meet the need
for higher performance components in terms of increased efficiency and reliability,
decreased cost, decreased mass, or increased production rates [17,24,25]. Several
designs have been conceived, only to discover that certain parts cannot be fabricated,
that manufacturing limitations result in unintended performance consequences, or
that the manufacturing cost is prohibitively high. All manufacturing processes are
affected by limitations which in turn have repercussions on the entire lifecycle,
therefore they must be well understood and solutions for these limitations must be
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incorporated into the design at an early stage [26]. Therefore, when a manufacturing
process is being industrialized, it must be fully characterized to determine limits,
tolerances, repeatability, and reproducibility to allow designers to achieve optimal
solutions [27]. Once a manufacturing process has been baselined, adjustments or
improvements can be pursued to further optimize it, like, for example, the inclusion
of secondary process steps, if gaps were identified.

These manufacturing methods are complex because of the extremely tight
tolerances required to form fluid passages that are leak-free. The surface texture
inside these small cross-sectional area channels is extremely critical as it is directly
related to the heat transfer and fluid dynamic performance of the component [28].
Traditional manufacturing methods, such as milling, allow for a roughness of the
channels surfaces that is typically less than 3.2 um [29]. All these system and
component level considerations must be accounted for in the design and then
translated into manufacturing requirements that can meet the design intent once
fabrication is completed. The fabrication and manufacturing of the complex features
in these components is extremely challenging and as complexity increases so does
cost [30]. These consideration put into evidence an opportunity to develop and
advance new manufacturing techniques for extreme-environment heat exchangers
aimed at improving the following attributes [13]:

e Thinner hotwalls and ribs for effective cooling in a high heat flux

environment.

e Complex internal features, or channels, to allow for increased fluid dynamic

and heat transfer performance.

e Tailoring the surface texture (roughness) and optimized channel geometry

to balance pressure drop and heat transfer effectiveness.

e Ability to eliminate joints or produce robust joints at increased bond
temperatures.

Ability to inspect the internal channel features and quality of the material.

Reduction or elimination of non-recurring tooling.

Reduction in assembly build hours and elimination of manual processing.

Reduction in lead time for materials or processes.

Provide new options for materials and material combinations (i.e.

monolithic, bimetallic and multi-metallic).

Direct build and/or simplified attachment of fluid distribution manifolds.

e Increased system performance through component mass reduction or
hydraulic performance.

e Scalable to large scale components (>1 m diameter).

1.3 ADDITIVE MANUFACTURING FOR HEAT
EXCHANGERS

Additive manufacturing (AM) is gaining recognition as a viable production
technology in the aerospace industry, and particularly for thermal equipment of
propulsion systems, transitioning from a mere prototyping tool to a full flight-
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qualified production of end-use parts and subsystems [31]. The key advantages of
AM distinguishing it from conventional manufacturing methods include the ability
to make very complex geometries, cost reduction, reduction of processing time, and
elimination of joints and consolidation of parts. AM allows for the realization of
complex part features that would be unattainable through traditional or emerging
manufacturing techniques, even more so if novel metal alloys must be employed.
Metal AM encompasses a myriad of processes, with unique benefits and
disadvantages affecting different build sizes, microstructures arising from various
melting or solid-state bonding methods, and geometries, ranging from coarse to finely
detailed [32—-35]. These high-level metal AM categories include:

e  powder bed fusion (PBF),

o directed energy deposition (DED), and

o solid-state (cold spray, ultrasonic additive manufacturing, additive friction

stir deposition, and binder jetting) [36].

These metal AM processes are being developed and actively used in aerospace,
medical, and industrial applications [37]. As each AM process evolves, it becomes
imperative to comprehensively characterize the achievable geometries (features and
resolution), feedstock, microstructure, resulting properties, part size, deposition rates,
industrial maturity, post-processing requirements, and lifecycle economics associated
with each specific technology and the corresponding metal alloys [36,38-40]. Design
for additive manufacturing (DfAM) guidelines are unique for each AM process and
cannot be applied more broadly therefore using a DfAM guideline specific for one
process for another. Without a proper application of specific guidelines, an end-use
AM component may not meet the intended structural, thermal, dynamic, fluid flow,
or life requirements [41]. Although AM offers significant design complexity, certain
guidelines must still be followed to ensure that parts are correctly built and processed
for their final application. Most AM research on PBF and DED processes focuses on
microstructure and related mechanical and thermophysical properties. There is
limited research on the development of DfAM guidelines for these processes,
therefore on how these processes relate to geometry capabilities and limitations along
with their impact on component and system performance [42—-45].

Laser Powder Bed Fusion (L-PBF) is one of the most widely adopted AM
processes, providing the ability to fabricate thin-walls (0.2 to 0.4 mm), small passages
and channels (0.2 mm diameter), and complex shapes [46-48]. L-PBF is conducted
within an inert build box, initiated with the uniform distribution of powder feedstock
on a build plate (Figure 1.4). The laser melts the material within a layer whose
thickness ranges from 30 to 100 pum, following a specified scan path derived from the
CAD model geometry sliced into layers. Inert gas is blown from the side of the build
plate to remove particle ejecta, minimizing the contamination of the material forming
the part being built. Subsequently, the recoater arm disperses a fresh layer of powder,
and this cyclic process is repeated humerous times (i.e., hundreds or thousands) until
completion of the part.
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Scanner
Head

—— Powder Bed

Overflow
Ventilator

Build Platform with
Removable Build Plate

Figure 1.4. Schematic representation of a Laser Powder Bed Fusion (L-PBF)
System (from Ref. [49]) and exemplary photograph of a part being built with
L-PBF (image courtesy of NASA).

The ability to manufacture very complexity parts makes L-PBF an ideal
manufacturing process for the production of heat exchangers used in aerospace
vehicles, power plants and energy storage systems, electronics cooling systems,
chemical plants, and oil and gas plants [50]. L-PBF has reached a good state of
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maturity (i.e., high technology readiness level) and is widely available and actively
employed in commercial and military aviation and spaceflight. Several integral-
channel combustion chambers manufactured with L-PBF equipping propulsion
systems from Rocket Lab, SpaceX, Relativity Space, ABL Space Systems, Ursa
Major, and Aerojet Rocketdyne have successfully flown [26,51]. Commercial space
companies worldwide, the National Aeronautics and Space Administration (NASA),
European Space Agency (ESA), Japanese Aerospace Exploration Agency (JAXA)
and several other organizations and academic institutions have tested combustion
chambers and nozzles made with L-PBF on the ground [51-54]. Figure 1.5 shows
several examples of L-PBF combustion chambers.
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Figure 1.5. Examples of various mtegral channel combustlon chambers and
nozzles manufactured with L-PBF and tested by NASA. A) Various thrust-
class GRCop-42 and bimetallic AM combustion chambers, B) Liquid Oxygen
(LOX)/Liquid Methane (LCH4) Testing of 31 kN GRCop-42 Chamber and
LP-DED nozzle, C) LOX/Liquid Hydrogen (LH2) Testing of 111 kN L-
PBF/DED Bimetallic Chamber, D) LOX/RP-1 10kN Bimetallic L-PBF
Chamber, E) LOX/LH2 150 kN Testing of Bimetallic L-PBF/DED Chamber
and LP-DED nozzle (Courtesy: NASA) [26,52,55-57]
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Research related to additive manufacturing for heat exchangers has grown
significantly starting from 2006. In an initial study conducted in 2006, L-PBF was
employed with a primary focus on the manufacturing of cooling systems for
electronic components [58]. Research continued in diverse areas, and a notable study
by Lu et al. documents the evaluation of the flow performance of micro-scale coolant
channels with a 2:1 aspect ratio made with L-PBF and metal micromolding [28]. The
predominate use of AM microchannels (< 3 mm) has focused on the L-PBF process
[59-62].

While L-PBF has been shown to be of great benefit for the fine feature
manufacturing of ultra-compact heat exchangers, its main limitation is the maximum
volume of the component that can be built [63,64]. This size limitation is due to
maximum dimensions of the (powder filled) build box, which typically must be less
than 400 mm in each direction (X, Y, Z) and to the maximum build diameter which
is 600 mm [26,36]. Custom machines capable of dealing with up to 1 m build
diameter and 1.2 m in height have been developed, but they are not readily available
in industry. The manufacturing of compact heat exchangers for aerospace propulsion
systems and especially those of large rocket engines requires the capability to handle
large volumes, given the growing need to fulfill ever increasing thrust requirements
and therefore larger dimensions. For engines and combustion chambers produced
using L-PBF, the thrust class is generally limited to 1,100 kN. For components, such
as regeneratively-cooled nozzles, which are inherently larger (600 mm diameter),
directed energy deposition (DED) is a suitable manufacturing technology [5,36].
Figure 1.6 shows a comparison of various AM processes in terms of build volumes
and minimum feature sizes. Heat exchangers for power and propulsion applications
require obtaining thin metal walls for the flow channels (typically below 1.5 mm).

Zhang et al. provided a comprehensive report on emerging AM processes for
heat exchangers but did not acknowledge the possibility of employing directed
energy deposition (DED) techniques [65]. Despite several authors have published
extensive review papers on the potential of AM for heat exchangers, none of them
has identified the DED process as suitable for this purpose [63,64,66-69]. Careri et
al., in a review article on heat exchangers [70], explicitly state that DED is not
suitable due to the poor surface finishing that can be obtained, its inability to make
thin features, and its low dimensional accuracy.
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Figure 1.6. Comparison of AM processes considering feature size and build
diameter. The green band groups AM processes that can produce wall
thicknesses below 1.5 mm, while the yellow and orange bands indicate AM
techniques that may require additional processing.

While AM offers numerous technical and programmatic advantages, it also
presents several challenges that necessitate further research. Technical challenges
include high surface texture, distortion, residual stresses, mechanical and geometric
variations across different AM processes and machines, alloy weldability issues,
limited process capability data, and insufficient mechanical and flow performance
data [71]. Programmatic challenges encompass limited production volumes, potential
risks associated with new technology, the need for training and education throughout
the AM lifecycle, significant capital investments, and the cultural shift required for
industry adoption of the technology.

To mature AM, it is essential to characterize each of the AM processes and the
specific alloys of interest to generate data relevant to industrial applications. Unlike
traditional manufacturing technologies, which have benefited from decades and
centuries of experience, AM is relatively new, resulting in limited materials and
process data. While thousands of metal alloys have been optimized for traditional
manufacturing techniques, fewer than 100 alloys have been refined for AM processes
and less than 10 qualified for flight applications [72]. This challenge is further
compounded by the unique microstructures and properties produced by each AM
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process, as well as the process limitations related to specific alloys and geometries
required for end-use parts [36].

1.4 THE LP-DED PROCESS

LP-DED (Figure 1.7) is a process in which a laser beam is directed to a powder
stream which is blown in its focus forming a melt pool which subsequently solidifies
thus forming the part by deposition of successive layers [73]. The blown powder
deposition head and the laser beam optics are mounted on a gantry (or robot) to allow
for the precise motion control needed to manufacture thin-wall features [74]. The
laser is typically central to the integrated deposition head and the powder being blown
is concentric with the laser. The blown powder deposition nozzles can be located in
a coaxial annular ring or they are separate nozzles, typically 3 or 4, spaced equally
around the laser beam [75].

The LP-DED process allows large scale fabrication (>3 meters) using metal
powder feedstock, only limited by the robotic or Cartesian gantry system [76].
Freeform structures are fabricated based on toolpaths generated from CAD models.
The size of the powder particles and particle size distributions (PSD) can vary from
coarse (45 — 105 um) to fine (15 — 45 um) [75]. Examples of LP-DED applications
include casting and forging replacements, cladding and repair, fabrication of primary
structures, as well as thin-wall large diameter structures such as heat exchangers and
rocket nozzles with integral channels [5,77]. However, the manufacturing of thin-
wall components with integral channels with LP-DED is at a low maturity level: the
characterization of the process is limited and DfAM practices are not established.

As indicated in Figure 1.6, Laser Powder DED (LP-DED) can overcome the
limitation regarding overall object size affecting L-PBF, while still allowing to
incorporate thin-wall (1 mm) internal flow passages or microchannels into the part
[13,78].

The work reported in this dissertation provides design engineers with
information about process limitations, design guidelines, post-processing
requirements, and experimental test data related to the manufacturing of
microchannels with LP-DED.

Chapter 1—13



Chapter 1

Motion Control (Gantry or Robotic)

Deposition
Head Laser
Power

Source

Powder
Injection
Nozzle(s)

Powder Feeder
Laser

Powder Feed Melt Pool

Build Plate —

Trunnion Table
(4™ and 5 axes) B

AMOwn
| Powder

Excess
Powder

Figure 1.7. Laser Powder DED System. A) Large scale integral channel nozzle
(> 1 m diameter) during fabrication, B) Schematic overview of the LP-DED
system with its components [51], C) Metal powder flow blown through a three-
nozzle configuration (From Zhong [79]; CC BY doi.org/10.3390/met7100443),
D) Macroscopic view of metal powder blown into the melt pool and excess
powder (Image courtesy of Formalloy, Ref. [49]).

1.5 POTENTIAL AND CHALLENGES OF LP-DED

Contrary to L-PBF, for which extensive research about the design and
manufacturing of thin-wall features has been performed [80-82], significant research
gaps in the detailed characterization of the LP-DED process affect its more
widespread adoption. These gaps encompass surface texture characterization, thin-
wall geometry feasibility, repeatability, build angle limitations assessment, wall
thickness control, and the characterization of the microstructure (including density)
of the material of thin-wall components. Notably, the melt pool generated by LP-
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DED is considerably larger (approximately 1 mm) compared to that generated with
the L-PBF process (~120 um), and it is determined by the laser spot size [83,84]. Due
to this larger melt pool, the formation of thin walls necessitates a single-pass bead,
precluding the use of a contour pass—a method employed in L-PBF to enhance
surface finishing [85].

Few fundamental studies on material microstructure have been conducted on
thin-walls (<3 mm) produced using the LP-DED process, however these studies do
not yield sufficient data to enable the design of microchannels. Liu and Li
demonstrated the feasibility of thin-walls in Steel 24 for a thickness down to 0.8 mm,
employing a coaxial deposition head and 45-80 um sized powder [86]. Margerit et
al. characterized the microstructure of stainless steel 316L thin wall obtained using a
coaxial deposition head with a 0.2 mm layer thickness and a wall thickness of 0.8
mm [87]. Other studies on 316L as a build material focused on microstructure and
mechanical properties and were conducted by various researchers who investigated
samples with wall thickness ranging from 0.7 to 2.1 mm [88-91]. The evaluation of
superalloy Inconel 718 as a build material for thin-wall components was also
completed. The experiments concerned single-track wall thicknesses ranging from
1.3 to 2.5 mm [92-94]. Additional research on the use of LP-DED for the
manufacturing of thin-wall components referenced in literature include the adoption
of Hastelloy X as build material with wall thicknesses ranging from 1.7 to 3.2 mm
[95,96], Stainless Steel 410 [97], Stainless Steel 304L (1.2 mm thin-wall thickness)
[98], Titanium Ti-6Al-4V [99,100], Gamma Titanium Aluminide (1.5 mm thin-wall
thickness) [101], Inconel 625 [102], CrCoNi [103], M4 high speed Steel (1.7 mm
thin-wall thickness) [104], and Al-Mg-Mn-Sc-Zr (1.6 mm thin-wall thickness) [105].
Most of these studies focused on parameter development and the resulting
microstructure and mechanical properties. The built specimens were often limited in
overall height, with many using single beads, and most specimens restricted to <10
mm overall height. While some studies briefly mentioned surface roughness,
quantified observations were often limited (e.g., contact profilometry, visual
inspection) or not provided.

Surface texture, encompassing roughness and waviness and commonly referred
to as surface finish, stands out as a notable drawback of AM if compared to traditional
manufacturing technologies [106,107]. This texture significantly influences various
characteristics related to heat exchangers, including fluid flow regime, related heat
transfer properties, and mechanical properties. Elevated surface texture can
detrimentally impact components’ performance by diminishing fatigue resistance
and, consequently, operational lifespan. It can also increase mechanical friction and
wear, negatively influence fluid friction factors within flow channels, leading to
higher pressure drop, and enhance corrosion potential in harsh environments [108—
111]. The surface roughness of L-PBF-manufactured thin-wall samples made of
various metal alloys has been extensively examined in relation to diverse industrial
applications [45,112,113]. However, detailed characterization of surface texture of
thin-wall surfaces generated with LP-DED remains scarcely documented in the
literature [114,115]. Existing studies suggest that surface texture and geometric
inaccuracies are drawbacks of the LP-DED process, emphasizing the need for a
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deeper understanding of processing parameters to facilitate broader commercial
adoption [88,116].

Common challenges associated with the use of LP-DED for heat exchangers
manufacturing include aspects of surface finishing connected with various surface
texture components, from shape deviation (form) to excessive waviness and
roughness. Shape deviation can stem from residual stresses and resulting distortion
influenced by factors such as part geometry, alloy, build plate geometry, build
parameters, and powder feedstock. All these factors collectively affect the thermal
history, on which the final quality of the component so much depends [91,117].
Surface waviness is frequently observed in the form of lateral periodic menisci, a
consequence of stacked deposited build layers or the stair-stepping effect [118,119].
The identified mechanism causing roughness in LP-DED involves residual unmelted
and melted powder emanating from the melt pool, ricocheting, or excess powder not
captured in the melt pool, leading to powder agglomerations or adherence to the wall
[84]. This powder adherence can be further exacerbated with smaller spot sizes,
necessary for thin-walls, due to the low powder efficiency (5-20%) captured in the
melt pool [120,121].

1.6 SURFACE TEXTURE AND ENHANCEMENTS
FOR LP-DED

The level of the overall surface finish or roughness, as it is often referred to, is
identified as one of the key issues affecting the use of additively manufactured parts,
and in particular for heat exchangers [122]. Azarniya et al. offer a similar perspective
to Careri et al. and identified both the surface finish and geometric inaccuracies as
drawbacks specifically of the LP-DED process [116]: post-processing operations
may be necessary, which could increase the production lead time and cost, thus
surface finish “remains a major challenge that requires additional developments.”
Alsulami mentions the DED process in the literature review of one of his articles,
see Ref. [69], but only in the context that it could provide the possibility of using
multiple materials within a build, thus offering additional advantages for the
manufacturing of special heat exchangers.

Several references document the knowledge gap affecting specifically the high
texture of AM surfaces [44,74,123]. Research conducted by Chua et al. shows that
no database about texture of AM surfaces exists yet, and knowledge is lacking
regarding the obtainable surface roughness [124]. Although there is extensive
discussion on AM surface roughness in various articles, such research predominantly
concentrates on its connection to fatigue. Limited information is available regarding
its impact on flow performance in case of heat exchangers [125-127]. Hanson et al.
analyzed the dependence of flow performance on surface roughness in case L-PBF is
the manufacturing technology [128]. This large effect of surface roughness is
attributed to the dimension of the irregular structures in comparison to the channel
dimensions. Another such study is the thesis by Tommila in 2017 [129], which
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focused on the surface roughness of a rocket nozzle’s interior hotwall at the boundary
layer and the theoretical increase in viscous losses in turbulent flows. In another study
[130], Stimpson concluded that rough channel surfaces for internal cooling resulting
from L-PBF might promote an increase in heat transfer performance and using
components in the as-built surface condition may offer benefits.

Numerous post-processing techniques have been suggested to mitigate the effect
of excessive surface roughness [131-138]. A summary of these techniques is
provided in Table 1.1, based on Ref. [51]. Nevertheless, it is acknowledged that
smoothing internal surfaces can pose challenges contingent upon the geometry and
scale of the geometrical features [139]. Post-build machining is not a viable option
since it involves accessing the interiors of channels after the AM process. Hybrid
DED and integral machining is an emerging technical solution to this problem, but it
is not feasible for the size and complex geometry of heat exchangers channels because
it would create a faceted surface [140]. Shen and Fang authored a review article on
L-PBF that focused on the polishing of internal surfaces [141]. They proposed several
techniques, including abrasive flow machining, barrel finishing, magnetic abrasive
finishing, chemical polishing, electropolishing, and hydrodynamic cavitation
abrasive finishing.

Table 1.1. Overview of various surface enhancement techniques for AM and
their applicability to LP-DED

Surface enhancement applicability
for LP-DED
Process External surfaces Internal
surfaces
In-process smoothing (contours) —
Chemical milling (CM) + +
Chemical Mechanical Polishing (CMP) + +
Abrasive flow machining + +
Media suspension methods + =
Dissolvable / surface sensitization + 0
Powder enhanced slurry plating 0 0
Electrochemical m_achining (ECM) or + 0
electropolishing (EP)
Secondary laser polishing (in-process or post) + -
Mechanical or Manual polishing (machining, +
honing, buffing, burnishing)
Grit or Bead blasting + -
Thermal deburring -
Coatings + 0
Peening methods + -
Magnetic abrasive finishing (MAF) 0 +

@Note: +, potential for maturation and/or demonstrated; —, affected by significant challenges;
0, unknown and further development required.
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Surface enhancements, often referred to as polishing or surface finishing, modify
the profile of the surface by removing partially adhered powder particles, waviness,
pores, defects in general, or other surface anomalies resulting from the AM process.
Several review papers provide overviews about surface finishing techniques for AM
parts [132,142-145]. Many mechanical and chemical processes, laser-treatments, and
coatings that modify the surface without removing material, are discussed in the
literature. These finishing processes are often used to improve the fatigue life [146].
Many processes for finishing surfaces require line of sight and access for tooling and
are limited to external surfaces. These include machining, grinding, vibratory
finishing, grit or sand blasting, laser polishing, rolling, burnishing, peening
[133,147,148]. A limited number of surface enhancement processes are feasible or
hold potential for altering internal surfaces, and more so microchannels. These
surface enhancement techniques include chemical milling, electro or electrochemical
polishing, abrasive flow machining, chemical mechanical polishing, thermal energy
method, and self-terminating sensitization [51,146,149-151]. Other methods, like
hydrodynamic cavitation abrasive finishing [152,153] and magnetic assisted
finishing [154,155] have been studied for internal channels. However, these
approaches have limited applicability and lack industrialization.

Laser polishing is one of the few surface enhancement techniques that has been
researched for application to components produced with the LP-DED process
[148,156,157]. Laser polishing uses either the primary laser during the fabrication
process or a secondary laser as part of a subsequent step to remelt specific regions on
the surface. When performed in situ, the laser polishing process can be carried out
between layers, but it poses challenges due to the need for direct surface access,
particularly in the presence of complex geometries, including internal features like
channels. The laser parameters employed for local smoothing involve lower power,
a smaller spot size, and a higher scanning rate compared to the build laser parameters
[158]. Focused laser beams melt targeted areas, creating a liquid melt pool that levels
the surface through surface tension and gravity. The molten region solidifies rapidly,
both across the surface and into surface valleys [159]. Laser polishing has been shown
to reduce the surface roughness of LP-DED parts by 80-96% [160]. Figure 1.8
provides an example of laser polishing on an external LP-DED surface from Rosa et
al.

Laser polished
area

Topography profile Smoothed profile

Initial ALM area

Figure 1.8. Example of laser polishing applied to a Stainless 316L LP-DED
sample [161].
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The laser remelting process has been demonstrated to generate recast layers
approximately 22 um thick in Inconel 718 LP-DED samples [162]. However, a
notable limitation of the laser remelting polishing process is that existing research has
exclusively focused on large-area surfaces, thus neglecting its applicability to fine
feature [163]. In the context of a heat exchanger, where the internal surfaces of
channels are crucial, the significant surface area necessitates the use of multi-axis
lasing for effective smoothing.

Chemical milling (CM) and chemical mechanical polishing (CMP) are
especially suitable for internal surfaces, more so if the geometry is intricate, because
chemical solutions can flow through small and complex channels. [164]. Favero et
al. conducted a study on the CM process by using copper chloride and ferric chloride
as the chemical solution to finish the internal surface of vertically built L-PBF
channels made of pure copper and featuring various internal geometries and a wetting
length of 54 mm [165]. Their experimental findings revealed a reduction in the
average areal roughness (Sa) of 83%, with a subsequent pressure drop decrease of
78%. However, the study did not delve into a detailed discussion of the specific
mechanisms of the altered surface texture that resulted in the reduced pressure drop.
Tyagi also evaluated acid-based chemical milling to reduce the average directional
roughness (Ra) of an internal surface by 91% [134]. Limited public data on CMP or
chemical abrasive polishing exist. Mohammadian et al. demonstrated the possibility
of polishing internal wedges of Inconel 625 channels made with L-PBF using a
custom CMP setup [166]. A reduction of Ra by 44% and 18% was observed, based
on build orientations of 15° and 135°, respectively. Other literature discussed the use
of CM and CMP for surface modification of L-PBF-made channels, but
comprehensive investigations regarding these surface modifications remain limited
[131,167-172].

Min et al. evaluated electrochemical polishing (ECP) for parts built with L-PBF
and made of Inconel 718 alloy that included 500 pum holes [173]. A study by Jiang et
al. was focused on the use of ECP to polish the inside of 3 mm diameter Hastelloy X
channels produced by means of L-PBF. The results indicated an 83% reduction in
Ra, but selective dissolution of the cellular structure and dependency on surface build
orientation was observed [174]. An et al. demonstrated the use of combined
electrochemical and mechanical polishing (ECMP) to finish the internal surface of
channels with diameters as small as 18 mm and obtained a reduction of the Sa by
79.9% [175]. One limitation of this procedure is that the geometry must be simple
enough to accommodate an electrode [138,164].

Ferchow et al. used abrasive flow machining (AFM) to polish 6 mm diameter
internal channels obtained with L-PBF, by removing a maximum of 0.33 mm of
material and thus reducing the Ra from 27.7 to 5.5 um [176]. In another study [177],
similar results are reported, but using AFM to improve the surface finishing of 8 mm
diameter channels made of Inconel 718 and by means of L-PBF; in this case the Ra
was reduced by 93%. Han et al. researched the application of AFM to polish 3 mm
diameter maraging steel channels made with L-PBF and reduced the Sa from 7.6 um
to 1.3 um. The peak regions were removed, but some valleys still remained [178].
Additional studies about the use of AFM for the surface finishing of internal channels
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were conducted and all concluded that the removal of surface peaks was prevalent
but valleys remained [144].

The surface enhancement methods for internal channels detailed here were tested
only on parts manufactured with L-PBF, while the use of these surface finishing
technologies in association with parts obtained with the LP-DED process is not
documented. Researchers have noted that geometry, AM processing, feedstock,
microstructure, and heat treatments can all effect post-processing such as surface
finishing [179]. Detailed conclusions about surface finishing methods cannot be
generalized to different AM processes, alloys, and geometries. If the level of finishing
of internal surfaces of microchannels obtained with AM is insufficient to attain the
desired flow resistance or fatigue life, then an additional finishing process is required
to modify the surface geometry and roughness and to remove defects. However,
detailed research must be conducted for each AM process of interest, including LP-
DED, as discussed in this thesis.

1.7 AIM OF THE RESEARCH

Using the LP-DED process to manufacture microchannel heat exchangers,
especially for extreme environment applications, introduces challenges related to
consistent geometry, wall thickness, and high surface texture. While traditional
manufacturing methods like machining do not typically have issues with surface
roughness and texture, adopting AM for heat exchangers presents new challenges.
These require innovative design or manufacturing solutions, as well as thorough
research and characterization. Although the fundamental physics of heat exchanger
operation remain unchanged, the application of AM technology offers new design
opportunities to optimize performance. Surface texture, in particular, emerges as a
significant challenge that demands careful consideration and modifications to meet
design intent. The design assumption of ideally smooth surfaces is inappropriate for
LP-DED, as the actual component differs significantly from its design representation
(Figure 1.9). While the obtainable surface texture may initially seem like a drawback
for microchannels, it also presents an opportunity. Surface enhancements, (i.e.,
finishing processes) can be fine-tuned to optimize fluid flow across the
microchannels, thereby optimizing flow resistance and heat transfer depending on the
application.
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Figure 1.9. Indicative comparison between the idealized representation of a
micro-channel typical of design models and the image of the actual object
manufactured with the LP-DED process as obtained from a nano-Computed
Tomography (CT) scan.

The results suggest that the LP-DED process can be effectively used to fabricate
heat exchangers with integral micro-channels, yielding products of comparable
quality and performance to those made with traditional fabrication techniques. This
research aims to comprehensively characterize and evaluate microchannel fluid flow
phenomena and assess the influence of the LP-DED manufacturing process,
including surface modifications. The research thoroughly examines each process
step, linking it to fundamental process inputs. Detailed surface characterization,
analysis, and testing of heat exchanger channel samples with both as-produced (i.e.,
as-built) and modified surface textures are conducted to evaluate flow resistance in
relation to inner surface characteristics.

To achieve this, surface texture — encompassing form, waviness, and roughness
— resulting from the LP-DED process and post-processing enhancements have been
measured with state-of-the-art techniques. The correlation between surface texture
and fluid flow performance was established, demonstrating that LP-DED-made heat
exchanger configurations can be obtained by adjusting parameters, or post-processing
for specific design requirements. The fundamental aspects of the build process were
evaluated, including process parameters and feedstock inputs, microchannel design
and geometric limitations, and variations in post-processing techniques that affect
channel flow resistance. Figure 1.10 outlines the research steps, emphasizing the
variation in surface texture at each stage and its impact on flow, allowing for
appropriate surface finish modifications.
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Figure 1.10. Sequential phases of the LP-DED microchannel fabrication
process and related studies on surface texture aspects.

1.8 THESIS CONTENT

Chapter 2 outlines the gaps in the current state of LP-DED microchannel process
development, introduces the research questions from which the research documented
in this dissertation stems, and details the general methodology following the
fabrication aspects presented in Figure 1.10.

Chapter 3 delves into LP-DED build process mechanics, build parameters, and
their influence on thin-wall surface texture. A literature review illustrates the state of
knowledge regarding the use of LP-DED to obtain parts with thin-walls. The
sensitivity of the surface texture, porosity, and wall thickness based on changes in
process parameters and powder feedstock size is established through a design of
experiments (DOE). This chapter is based on a peer-reviewed journal article.

In Chapter 4, the scope of the research is expanded by characterizing the effect
of the build angle on thin-wall samples. This establishes a baseline for LP-DED
Design for Additive Manufacturing (DfAM) guidelines, addressing process
limitations, surface texture, and wall thickness. The characterization of surface
texture built at various angles is important for practical applications to heat exchanger
designs including disparities in texture for internal and external surfaces. A literature
review is also provided, highlighting the gaps related to LP-DED build constraints
including wall thickness and geometric characteristics. This chapter is also based on
a peer-reviewed journal article.
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Chapter 5 provides an overview of microchannel heat exchanger geometry
characterization. Based on a conference paper presented at the International
Astronautical Congress (IAC), it covers variations in square microchannel sizes,
internal and external surface texture, wall thickness, and process repeatability.

Chapter 6 focuses on post-process surface enhancements applied to LP-DED-
produced internal microchannels. This chapter evaluates five different surface
enhancement processes (i.e. polishing) and presents results from flow testing to
determine flow resistance in terms of discharge coefficients. These results aided in
identifying the underlying surface texture mechanisms that affect flow resistance in
the microchannels. This chapter is based on a peer-reviewed journal article.

Chapter 7 presents a discussion based on the data gathered from all the prior
chapters and summarizes experimental results and analysis on 700 mm long LP-DED
microchannels modified by means of surface enhancements. This experiment focused
on differential pressure measurements to determine the effect of surface texture from
the surface enhancements and impact on friction factors and the different surface
mechanisms that cause the changes in friction factors. The results from the
experiments are discussed and correlations presented.

Finally, Chapter 8 offers brief discussions and conclusions, relating findings to
original research questions. It also outlines potential applications and future research
directions to expand the work.
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Chapter 2

Research Questions and
Methodology

2.1 GAPS IN KNOWLEDGE

Additive manufacturing has matured as a fabrication technology for heat
exchangers, but currently almost all research, development and deployment efforts
are dedicated to the L-PBF technique, as discussed in Chapter 1. However, the L-
PBF process is affected by several relevant constraints, above all the maximum
component size, and LP-DED is a solution to overcome these limitations, provided
that further research and development are carried out.

In addition to the comprehensive literature review presented in Chapter 1,
Chapters 3, 4, 6, and 7 provide additional discussions on the state of the art,
specifically related to the LP-DED process. Through this extensive review of current
knowledge, several research gaps have been discerned, paving the way for further
exploration:

1. The application of LP-DED to thin-wall (<1.5 mm) heat exchangers.

2. The detailed evaluation of surface texture resulting from the application of

the LP-DED process.

3. The lack of characterization of thin-walls combined with surface texture for
enclosed shapes or microchannels.

4. The inadequate investigation of post-build processes like surface
enhancements to improve finishing, particularly of the inside of
microchannels.

5. Insufficient characterization of surface texture throughout the lifecycle of
the LP-DED fabrication process, particularly microchannels.

6. The modification of the internal LP-DED surfaces to tune the flow
resistance.

Thin walls are a crucial feature in extreme environment heat exchangers allowing
for efficient heat transfer between fluid mediums. As indicated by existing literature,
compact heat exchangers require wall thickness ranging from 0.5 to 3 mm, depending
on the environmental conditions and anticipated service life [180-182]. However, the
LP-DED technique is limited regarding the minimum wall thickness that can be
fabricated because the laser spot size and subsequent melt pool cannot be smaller than
a certain value and the fabrication time considerably increases with the thinness of
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walls. Although wall thicknesses as thin as 0.5 mm have been demonstrated, this
approach significantly extends fabrication time, increases the risk of distortion, and
imposes constraints on the feasible geometries [74]. In the context of this research, a
design wall thickness of 1 mm is chosen as the lower value of all considered samples
manufactured for experimental characterization. This results in a melt pool and
realized wall thickness ranging from 1 — 1.2 mm [78,183].

Several studies, further detailed in chapter 1 and 3, were aimed at the evaluation
of surface texture resulting from the application of the LP-DED process and focused
on process parameters, deposition nozzle designs, and defect analysis, but limited to
single vertical walls. In particular, the microstructure was evaluated and analyzed.
Some works mention surface roughness, but characterization is generally limited to
average surface texture and the details specific to waviness and roughness aspects are
not discussed in detail. Any AM build process results in complex surfaces which
necessitate a detailed characterization in order to correlate surface texture with flow
performance. The average value of surface roughness is not a reliable indicator if
flow resistance and heat transfer are to be predicted.

Surface texture of AM-produced parts of heat exchanging equipment must be
characterized in terms of form, roughness, and waviness, with appropriate filtering.
A useful analogy for comprehending these surface texture attributes is to envision a
wavy potato chip (Figure 2.1). The overall potato chip exhibits macroscopic
curvature (i.e.,, form). To characterize the surface finish (i.e., waviness and
roughness), the form (or macroscopic curvature) must be eliminated: a perfectly flat
surface can be obtain by digitally filtering out the mathematical representation of the
macroscopic shape. The resulting flat surface is referred to as the primary profile,
which results itself from the summation of both waviness and roughness (see Figure
9). For a more detailed characterization of the surface texture, the data representing
the measured profile must be further filtered using a high-pass wavelength filter,
denoted as AC, to differentiate between waviness and roughness (see Figure 2.1).
Waviness is defined as the deviation from flatness characterized by longer spatial
wavelengths, perceptible as the macroscopic "ridges” or regular periodic undulations
on the surface of the potato chip. Roughness instead refers to microscopic
irregularities on the surface, potentially arising from the deep fried or baked potato
particles or salt. To eliminate any noise from the roughness profile, a low-pass filter,
AS, may also be applied.

Surface texture analysis and quantification can be performed across the areal
surface or based on a selected directional line or lines. Further attributes describing
the waviness and roughness components may include the counting of peaks and
valleys or their averages, the evaluation of core depth/height, and the calculation of
the density (occurrence per unit length) of any of the mentioned parameters. The
measurement of these features necessitates optical microscopy methods for
characterization, while the more conventional trace profilometry is insufficient. The
directional orientation of surface texture significantly influences the results. With
reference to Figure 2.1, thus to the potato chip analogy, the characterization of the
surface texture is based on a single profile perpendicular to the ridges results in a
large value of waviness. Conversely, if the profile used for characterization is parallel
to the ridges, whether on top of a ridge or within a valley, a considerably lower
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waviness is obtained, with roughness becoming comparatively higher. This
distinction is critical, particularly in the context of fluid flow, as the build direction
may play a significant role in influencing the flow characteristics. This research
specifically concentrates on surface texture resulting from the LP-DED
manufacturing process, an in particular on components made of specialized Iron-
Nickel-Chromium alloy known as NASA HR-1. Emphasis is placed on the surface
texture characterization of both thin-walls and enclosed shapes, particularly those
encompassing microchannels.

Roughness Waviness

A filter (noise) Ac filter

Wavelength

Form

Profile (with form correction)

Waviness (based on A filter)

Roughness (based on A filter)

AN A YUV IV N AN N
Figure 2.1. Schematic visualization of the attributes of surface texture (form,
waviness and roughness): example of a wavy potato chip.

Channels in extreme environment heat exchangers can vary, but are typically
measuring less than 4 mm (per side), depending on the design requirements and
intended operating environments [184,185]. This experimental research specifically
targets square microchannels, a common feature in large extreme environment heat
exchangers [186]. Figure 2.2 shows an example of such a LP-DED-made row of
channels, featuring a 1 mm wall thickness and 2.5 mm x 2.5 mm channel cross-
section. The absence of literature related to LP-DED-made thin-wall channels
underscores a notable gap in existing research. A detailed characterization of both the
internal and external surfaces of these channels addresses this key research gap,
laying the groundwork for subsequent investigations into surface enhancements and
flow experiments.
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Figure 2.2. Example of typical channel that will be focus of the proposed
research using the LP-DED process (Channel details shown in Chapter 5).

The cross-section of a channels row displayed in Figure 2.2 reveals irregularities
not only in the surface texture but also in the ribs/lands between the microchannels
(see Figure 1.2 for terminology). To address the identified gap, optical techniques
were employed to measure both the surface texture and the overall geometry of the
channels. This comprehensive evaluation covered various channel sizes, involving
measurements and comparisons of cross-sectional areas, with particular attention to
the evaluation of repeatability. The aim was to provide a detailed quantification and
analysis of the surface features and of the geometric characteristics.

The examination of microchannels like those shown in Figure 2.2 led to
hypothesize that the surface texture may not meet the requirements for various heat
exchanger applications. A post-processing technique may be needed to modify the
surface finish to meet pressure drop requirements. However, references on internal
post-processing surface finishing techniques have only been demonstrated with the
L-PBF process, with none related to the LP-DED process. This lack of information
affect the possibility of properly designing heat exchanger because it is the impossible
to accurately flow performance, which is an essential merit parameter for this
equipment. Another significant knowledge gap is therefore the development and
characterization of surface enhancement methods tailored to the LP-DED
manufacturing process.

The effective integration of LP-DED technology into the manufacturing of heat
exchangers for extreme environments requires comprehensive characterization and
evaluation throughout the entire component lifecycle, not just a single process step
[187]. Users of this technology must understand not only the build process but also
the inputs and outputs of the process including post-processing operations, such as
heat treatment and surface finishing. This includes understanding how a heat
exchanger design integrates into the overall system and how both component and
system sensitivities respond to changes in characteristics like surface texture. The
research documented in this dissertation prioritizes a systems-level comprehension
of surface texture from the conceptual and detailed design stages through
manufacturing and operation (i.e., lifecycle). This requires experimental data and
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model validation to address all identified knowledge gaps. Therefore, the primary
focus of this research is on thin-wall microchannels post-processed using various
surface enhancement techniques, followed by flow testing to determine the impact on
friction factors.

2.2 SURFACE TEXTURE AS A SYSTEMS
ENGINEERING CHALLENGE

Compact heat exchanger performance can vary significantly due to pressure
losses, changes in heat transfer, and fatigue life related to surface texture. Conceptual
designs often assume a certain surface texture, but uncertainty persists until hardware
fabrication. AM surface roughness can vary significantly from traditional methods,
with roughness up to 50 um, compared to less than 3.2 um achievable with machining
[29,68]. Prior studies have shown that sensitivity to surface texture can lead to
component pressure drops exceeding 70% [57]. Additionally, the texture of internal
microchannels affects fluid flow, while the outer surface influences hot gas flow and
heat load. Research indicates that AM surfaces in the as-built condition can cause 20-
30% increases in heat loads [57,108,129,139]. This can offer potential system
performance advantages, such as expander engines or alternately cause potential
failures with an increase wall temperature. Effectively addressing surface texture
early during component conceptualization and systems design requires a
comprehensive understanding of the entire design and fabrication lifecycle,
particularly its integration with the intended application. The lifecycle encompasses
all steps necessary to manufacture a component, from the initial material selection,
machining, fabrication, forming, and assembly through to final validation, testing,
and system integration.

A component designer must understand potential surface conditions from
manufacturing operations to predict pressure and thermal performance accurately.
Introducing a new manufacturing method requires establishing a target surface
texture to ensure the overall system power balance is met. Performance differences
are often tied to the manufacturing process, including incorrect geometry, surface
texture, and tolerances. For instance, designers can predict pressure losses through
flow passages (i.e., channels or tubes) based on an assumed surface texture for a
specific manufacturing method. However, if pressure loss and heat load requirements
are not met, secondary manufacturing processes may be needed to modify the surface
texture, increasing manufacturing costs.

While an initial goal of AM components might be to achieve a surface finish
similar to traditional manufacturing (e.g., machining), the ultimate objective of this
research is to fine-tune the surface texture providing options to meet broader system
requirements. Understanding and measuring surface texture in AM components
immediately after the build process and throughout the lifecycle, including potential
changes during post-processing or operation, is essential [188]. Post-processing in
AM provides an opportunity to adjust surface texture and optimize heat exchanger
performance, such as increasing heat loads or cooling pressure performance [28].
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A complete understanding of surface texture throughout the AM lifecycle is
crucial. Figure 2.3 introduces a holistic view of this lifecycle and addresses various
questions a designer may encounter. Integrating these factors into design and
manufacturing processes is key to developing effective heat exchangers for extreme

environments.

System
Requirements

* Have the intended requirements been met?
* Were the assumptions correct for surface texture characteristics?

Component Fabrication Heat Post- .
. . Operation
Requirements Process Treatment Processing

* Is there supporting
data for the initial
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heat transfer, or
fatigue life, to
surface texture?
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reduce uncertainty?

* How do the process

parameters affect
surface texture?

+ Can the part be used in

the as-built surface
texture condition?

* How is surface texture

measured and used to
iterate the design and
analysis?

* Does heat treatment

affect surface texture?

* Is there additional

oxidation that can
cause varied texture?

+ What post-processing
steps are necessary to
achieve the desired
surface texture?

+ Can these processes be

applied with complex

geometry?

Are these operations

repeatable across

multiple components?

* How is post-processing
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to the expected design?
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conditions that might
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* Does excess heating
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* Is there oxidation that

affects surface?

* Is there corrosion that

affects the surface?

= Will operation change

the texture and impact

performance?

Figure 2.3. A holistic view of surface texture throughout the AM lifecycle.

2.3 RESEARCH QUESTIONS

This research endeavors to showcase the viability of LP-DED technology for the
production of heat exchangers with integrated microchannels. As discussed in
Chapter 1, the primary objective of this research is to attain a comprehensive
characterization of microchannel fluid flow phenomena and assess the influence
of the LP-DED manufacturing process, including surface modifications. The
tailoring of the surface texture from in-process or post-processing modifications can
allow the fluid flow to be optimized based on the specific component and system
requirements The following research questions resulting from the analysis of the
identified knowledge gaps were addressed, in addition to the listed sub-questions.

Research Question #1 (RQ1)
1. How is the surface texture of heat exchanger microchannels affected by the
LP-DED fabrication process?

a. What are the key surface texture and roughness parameters to
evaluate in order to fully characterize the component and its
performance?

b. What are the key process parameters and functional relationships
that can influence surface texture during the initial build?
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How do various geometries (angles, channel sizes) affect the
surface texture?

How is the surface texture impacted during post-processing stages
of the fabrication after the initial build?

How does the obtained texture compare to the texture obtained with
traditional manufacturing technologies?

What changes can be made to the LP-DED technique to improve
the build process?

Research Question #2 (RQ2)
2. What are the geometrical relationships and sensitivities affecting fluid flow
performance if heat exchanger channels are manufactured with the LP-DED

process?
a.

b.

How can the fluid flow performance be evaluated using LP-DED
microchannels?

Can the LP-DED microchannels be used in an application in the
as-fabricated condition?

How can the information about microchannel surface texture be
effectively used during design and analysis?

What differences are observed with the as-built channel surface
texture compared to ideally smooth channels and surface
mechanisms that affect the friction factors?

Research Question #3 (RQ3)

3. Whatim

provements can be made to control the surface texture of thin-wall

LP-DED internal microchannels?

a.

b.
C.

d.

What post-processing techniques exists and can be further
developed to reduce texture?

To what extent can they be used to reduce or modify texture?
What is the level of repeatability of these texture-reducing
techniques?

How can the flow performance resulting from the application of
these surface improvements be characterized?

What differences are observed between analytical methods and
experimental flow data and how can models be improved?

In this dissertation, each chapter treats the research performed to address the
mentioned knowledge gaps and to answer the listed research questions. The research
outcomes are also published in several peer-reviewed journal articles and a

conference paper

on which the chapters are based. Figure 2.4 visually illustrates the

chapters and their corresponding papers, highlighting the alignment between research
questions and chapter content.
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Figure 2.4. Chapter outline and associated publications that address the

research questions (RQ), see Section 2.3.

In addition, each research question directly correlates with the identified

knowledge gaps, as illustrated in Figure 2.5.
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2.4 INNOVATIONS FROM THE RESEARCH AND
METHODOLOGY

Several innovations resulting from this research can help facilitate the effective
application of the LP-DED process, reducing uncertainty in designing and operating
heat exchangers for extreme environments. These innovations include:

1. Determination of the build factors and relationships associated with the
surface texture of thin-walls (<1.5 mm) manufactured with LP-DED using
a Fe-Ni Superalloy.

2. Characterization and identification of geometric constraints for repeatable
LP-DED fabrication of heat exchangers. This information is essential for
designers wanting to use this technology.

3. Evaluation and characterization of surface enhancement techniques for
internal microchannel features (<3 mm) manufactured with the LP-DED
process to tailor the flow characteristics.

4. Development of an analytical model and correlation to estimate the pressure
drop of high-roughness channels fabricated with LP-DED. The correlation
is validated with experimental data.

To address how the surface texture is affected by the LP-DED fabrication
process, a series of thin-wall samples (1 mm) were manufactured using the NASA
HR-1 alloy, with variations in deposition parameters and powder size. A Design of
Experiments (DOE) was set up to elucidate the relationships between input process
parameters, powder feedstock with two different Particle Size Distribution (PSD),
and the interactions between the parameters affecting the resulting surface texture.
The geometry of the samples for this evaluation were enclosed vertical build boxes.
The experiments provided insights into the process inputs and parameters and
resulting texture for both internal and external surfaces. These samples were
destructively sectioned and meticulously evaluated using optical microscopy,
scanning electron microscopy, and optical metrology methods to ascertain wall
thickness, porosity, and surface texture. The details of this research are discussed in
Chapter 3.

While the enclosed vertical build box samples addressed the process mechanisms
affecting the surface texture, they were limited to a vertical wall. For parts fabricated
requiring more complex geometry thus with overhang build angles, a series of angled
samples were built. This set of samples provided insights into geometric relationships
and a full characterization and evaluation of process mechanisms concerning thin-
wall samples with overhang angles. This research is described and discussed in
Chapter 4. Finally, a set of microchannels with varying sizes were fabricated and
characterized through destructive evaluation in Chapter 5. All samples were
sectioned and evaluated using optical microscopy, scanning electron microscopy, and
optical metrology methods to determine melt pool structure, powder particle
adherence, wall thickness, channel area, and surface texture. The results from
Chapters 3 and 4 collectively address how the surface texture is affected during the
LP-DED fabrication process (RQ1), providing a baseline characterization for the
geometric relationships affecting fluid flow performance (RQ2).
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The improvements and control of the surface texture is addressed through a series
of fabrication trials, experimental testing, and model correlations. Microchannel
samples were manufactured (based on the results from chapter 3, 4, 5) and post-build
surface enhancements were developed to modify the internal surface of the channels.
Selected surface modification processes included abrasive flow machining (AFM),
chemical milling (CM), chemical mechanical polishing (CMP), pulsed
electrochemical machining (PECM), and thermal energy method (TEM), see Table
1. Initial water flow testing of these samples whose inner surfaces were improved
with the mentioned techniques was completed, as well as tests of as-produced (i.e.,
as-built) channels, to determine the flow resistance and the decrease of pressure drop
due to surface treatment. The channels were then destructively sectioned to determine
actual flow area, perimeter, particle adherence, and detailed mechanisms causing the
surface texture. This data anchored an analysis to determine the surface texture
characteristics affecting flow resistance.

To further explore RQ3, a second experiment was conducted using ~600 mm
length microchannel samples. Internal surfaces were modified using the AFM, CM,
and CMP processes, while additional as-built surface square and round samples were
fabricated to use them as baselines for comparison. Each sample underwent water
flow testing at various flow rates, with pressure measurements collected to determine
the differential pressure drop and resulting friction factors. The samples were
destructively sectioned to determine actual flow area, perimeter, particle adherence,
and surface texture. These data facilitated the validation of a model to determine the
friction factors resulting from various surfaces.
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Chapter 3

Process Overview and In-process
Surface Evaluation

Major portions of this chapter were published in:

Gradl, P.R., Cervone, A., Gill, E., 2022. Surface texture characterization for thin-
wall NASA HR-1 Fe — Ni — Cr alloy using laser powder directed energy deposition
(LP-DED). Advances in Industrial and Manufacturing Engineering 4, 100084.
https://doi.org/10.1016/j.aime.2022.100084

3.1 ABSTRACT

This experimental study completed a design of experiments (DOE) to determine
the critical build parameters that influence surface texture for enclosed thin-wall
samples. This study summarizes the characterization work of the LP-DED process
for 1 mm enclosed walls with an Fe-Ni-Cr (NASA HR-1) alloy. The LP-DED
parameters including laser power, powder feedrate, travel speed, layer height, and
rotary atomized powder feedstock were modified in the experiment. An evaluation of
the DOE samples and resulting surface texture is provided along with conclusions
from these experiments. Results indicate that 3D areal and 2D profile (directional)
surface texture is estimated by 2x the powder diameter that becomes captured or
partially melted on the trailing edge of the melt pool. The fine powder showed a
higher sensitivity to parameter changes but resulted in a higher density material and
23% reduction in roughness. Surface texture was also shown to vary between closed
channel shapes (internal) due to ricochets, recirculation, and higher volume of
powder available to bond compared to external (outer) surfaces. The understanding
of the LP-DED process as-built surface texture is critical to fluid flow applications
such as heat exchanges and can modify performance for enhanced heat transfer or
can be a detriment to pressure drop.

3.2 BACKGROUND

Several studies evaluated surface texture using the LP-DED process but were
limited in the application to thin-walls (< 3 mm). The LP-DED system configuration,
spot size, and deposition parameters can vary significantly based on the part geometry
and associated wall thickness. Riede et al. completed a study of 316L using a coaxial
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deposition head and powder sized from 44-106 um and a layer thickness of 0.91 mm
and reported an average areal surface roughness, Sa, of 44 pm [189]. Zhang et al.
developed a unique technique for thin-wall LP-DED using a central powder
deposition head with surrounding lasers and achieved a surface roughness of 3.2 um
with 75-106 um Fe313 powder and 2.7 mm wall thickness [118]. Lu et al. completed
a similar study using Fe313 alloy with a central laser beam and 75-106 um powder
resulting in 3 um roughness and a wall thickness of 2.7 mm [190].

A study by Mahamood and Akinlabi on LP-DED Ti-6Al-4V suggested
increasing laser power using a 2 mm spot size reduced the surface roughness, but was
based on a horizontal cladding deposition strategy [191]. This increase in power
allows for more of the powder to be melted and less residual powder available to
adhere to the adjacent surfaces, but the increase in power will impact wall geometry.
Kim et al. discuss that an increase in laser power and powder mass flow rate will
result in increased wall thickness in addition to providing a consistent bead with less
porosity [102]. A significant increase of laser power solely for thin-wall structures is
not a feasible build strategy since this results in uncontrolled geometry. A study by
Mazzarisi et al. also confirmed this through deposition of a 1.5 mm wall using Inconel
718 and concluded that 150% increase in laser power caused the melt pool to enlarge
and resulted in a 44% increase in wall thickness [192]. Jinoop et al. completed an
experimental evaluation and concluded that power was the primary contributor to the
deposition geometry (width, height, and deposition rate) and powder feed rate and
travel speed contributed to a lesser degree [95]. The combination of these parameters
is also important since independent adjustments may not always achieve the desired
results.

Another study by Mahamood and Akinlabi demonstrated that decrease in the
travel speed or increase in shielding gas flow rate could reduce surface roughness,
but also focused on a horizontal cladding surface [193]. In the thin-wall study by
Zhang et al., it was suggested that increasing the travel speed (scan speed) provides
a smoother surface due to less dwell time for the excess powder to agglomerate on
the surface [118]. Alimardani et al. also provided this conclusion to reduce the travel
speed to improve surface roughness, but did not provide any quantification of
roughness and only visual [194]. Gharbi et al. completed a more detailed study of
surface roughness for the LP-DED process on Ti-6Al-4V with wall thicknesses
ranging from 1.7 to 3.5 mm [120]. It was observed that the increased travel speed
could reduce the waviness in the form of the periodic menisci by a factor of 5, but
only had a limited effect on the roughness (26% reduction) with a short interaction
distance. Gharbi et al. concluded that the best surface roughness was obtained using
higher travel speeds and higher laser power which results in spreading the melt pool.

Motion control parameters such as layer height, injection nozzle stand-off
distance, and laser focal plane are referenced in literature with regards to surface
roughness. Several articles suggest that reduction in vertical layer height (Z-
direction), which can be partially accomplished by the increased travel speed, can
improve surface roughness but may not be as efficient as other parameter adjustments
[89,119,120]. The high degree of layering from height changes, resulting in waviness,
is commonly observed in literature [90,92,119]. Zhu et al. evaluated an approach to
change the injection plane to modify the surface roughness, but was focused on the
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undulations of the top surface and no quantification was provided for the side surface
roughness [195]. Careri et al. discuss that the stand-off and laser focus distance in
LP-DED must be critically controlled to avoid high roughness of the side surfaces
and uniformity of the top surface as it relates to post-process machining, but do not
quantify this either [196].

Powder feedstock is a critical input to the LP-DED process. There are several
studies that reference thin-wall deposition using a particle size distribution (PSD)
from 45 to 150 um and a few studies using 15 to 45 pum. Jardon et al. demonstrated
1 mm wall thicknesses using stainless steel 316 L with various PSD, but limited the
research to single pass beads on plate and no measurements of surface roughness
were provided [84]. Based on visual observations, it was suggested that a lower
roughness could be achieved using a finer PSD ranging from 15 to 45 um. A study
by Carroll et al. noted that with continued recycling of gas atomized from 50 to 125
pum Waspaloy powder, the surface roughness increased on the sidewalls of 0.6 mm
thick samples [197]. The article observed that the mean particle size was similar
through continued recycling, while flowability increased (reduced Hall Flow values).
Ahsan et al. studied the LP-DED process using Ti-6Al-4V gas atomized and the
plasma rotating electrode process (PREP) with 45 to 105 um powders [198]. The
mean particle diameter was found to be 94 um for gas atomized and 72 um for PREP.
The resulting surface roughness was shown to be lower for the PREP powder
compared to gas atomized as well as reduced porosity for 3 mm thick samples,
although not conclusive if specific to powder size or other contributors. Based on this
literature comparing various PSD ranges for LP-DED, further research is merited
since the impact to surface texture and roughness was not fully quantified.

Prior literature often suggests that LP-DED requires final machining to achieve
desired surface roughness for use in final applications [120,199]. Traditional
machining is, however, not feasible for many AM parts, including LP-DED, as
complexity increases with internal features such as those for heat exchangers. One of
the limitations of the available research is the limited quantification of surface texture
relative to as-built thin-walls and enclosed features fabricated using LP-DED. Several
publications reference an early study by Li and Ma that evaluated horizontal surface
roughness for LP-DED and does not allow roughness to be inferred for vertical
surfaces [200], which considers cladding and not vertical thin walls deposited in a
single bead. For proper application of surface texture for an industrial application, it
must be characterized in the alloy of interest with identical geometry and parameters
that are being used for the end part. The surface must be understood beyond an
average roughness value (ie. Ra, Sa) since the complexity of the surface can impact
the fluid pressure drop, heat transfer, and mechanical fatigue properties. Should post-
processing surface enhancements be required to help tune the roughness, the value
and dominance of peaks and valleys should be characterized in order to determine
the proper amount of material to be removed. Considering observations from the
literature, the process parameters (e.g., power, travel speed, layer height, stand-off
distance, powder feedrate, shielding gas flowrate), nozzle configuration, and both the
powder type and size can be modified to change surface roughness but all potentially
at a detriment to geometry.
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The results of this research provide an in-depth understanding of surface texture
(form, waviness, and roughness) as it relates to 1 mm thick walls using LP-DED
processed NASA HR-1 superalloy for heat exchanger applications. The powder
feedstock, AM process and associated parameters, geometry, and alloy composition
can impact the as-built surface texture and the fluid flow, and the heat transfer
performance can vary depending on the surface produced. It is necessary to
characterize and understand the sensitivity of the process inputs for each alloy and
feedstock of interest so that a designer can properly apply this knowledge for the
desired end-use application. NASA HR-1 (Section 3.3.2) is a Fe-Ni-Cr superalloy
used for high pressure hydrogen applications, such as heat exchangers and rocket
engine nozzles. The advantage of using NASA HR-1 for these applications is its high
conductivity, high fatigue strength, increased yield strength and ductility over other
hydrogen-resistant alloys, and excellent hydrogen environment embrittlement (HEE)
resistance. Prior literature has shown the advancements made with the NASA HR-1
alloy using LP-DED, but limited to the metallurgical aspects of the material
[201,202].

Other critical aspects of this research include the detailed characterization of the
as-built complex LP-DED surface texture of multi-layer single-bead deposition 1 mm
walls using different sizes of rotary atomized NASA HR-1 powder. Prior studies
focused on gas atomized powder. This study instead considers as-built inner
(enclosed) surfaces and outer (external) surfaces with varying parameters and powder
sizes, which were not discussed in prior literature for thin-wall LP-DED. A design of
experiments (DOE) was conducted using the LP-DED process parameters and non-
contact measurements to characterize the complex as-built surface texture. The as-
built surface assumes no post-processing. While the surface texture is critical for
design and end-use, the resulting geometry from the build must be balanced with
consistency and repeatability of the wall thickness and material density. These were
both studied using optical microscopy image analysis. This study provides a
quantification for the surface conditions of the LP-DED NASA HR-1 alloy
permitting designers to properly account for it and control it for thin-wall
applications. This research is relevant for large scale applications (>1 m diameter)
where the LP-DED process has advantages for freeform fabrication while still
maintaining thin-walls (1-1.2 mm thick). The results presented are relevant to future
LP-DED thin-wall components to be used on their as-built surface texture of the walls
to reduce post-processing due to costs or the inability to post-process due to
complexity.

3.3 METHODOLOGY

The LP-DED process uses a laser beam to create a melt pool and metal powder
is injected into this pool using an inert carrier gas through a deposition head. As the
deposition head traverses an area that was deposited the material cools and then
solidifies creating the bead. The deposition head is attached to a motion control
system, such as a multi-axis robotic arm or Cartesian coordinate gantry system. The
Cartesian coordinate gantry system is preferred and was used in this study allowing
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for better accuracy and repeatability, which is critical for single-width bead wall
thickness. After a single layer is built for the samples or part, additional layers are
deposited until the final part is created. LP-DED also has the advantage of using
multiple axis for complex geometries and is not limited to only 3-axes.

The samples created for this study were single-width bead racetracks with 75
mm length, 25 mm in height, and 1 mm wall thickness (adjacent walls spaced 25 mm
apart). These were deposited as a racetrack as opposed to a freestanding wall to
provide geometric stability and eliminate any distortion. Each sample was deposited
according to the parameters established for the DOE and then measured using non-
contact microscopic imaging to evaluate roughness and texture. Further
characterization of the wall thickness and porosity was evaluated using microscopic
and scanning electron microscope (SEM) imaging.

The LP-DED system has several subsystems that include the powder injection
and purge gas flow system, the laser power supply and optics, and the motion control.
Each of these subsystems must work congruently to provide the desired bead,
resulting geometry, and material characteristics. These subsystems use support
hardware and input parameters that can be adjusted to affect the material
characteristics, including surface roughness. The laser and optical system include
many of the laser parameters and optical hardware that derive the beam delivery
including the power, spot size, focus position, profile of beam, type of laser, and laser
operational mode (such as continuous or pulsed). The powder injection system
includes systems and inputs such as the powder feedrate, type of carrier gas, core
shielding gas and/or secondary gas flow (mass flow rate and gas type), and the
powder nozzle design (annular or multi-nozzle). The motion control system
manipulates the movement parameter for the deposition head that includes the travel
speed, sets layer height, standoff distance, angle of the head, and hatching (or step-
over). While these parameters are fundamental to the basic build geometry, other
factors may be more specific to component build geometry, such as spacing between
features, build plate configuration, and toolpath build strategy. The major subsystems
and parameters for LP-DED are shown in Figure 3.1.
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The primary parameters that are critical to the LP-DED process include laser
power, travel speed (also called feedrate or scan speed), powder feedrate, laser spot
size, hatching (also called stepover spacing or track overlap), and layer height (or
layer thickness) [203]. These parameters and some of the other process inputs shown
in Figure 3.2 determine the melt pool and resulting geometry. The melt pool and
powder carrier gas derive the general surface roughness [204]. An unstable melt pool
can cause spatter, porosity, or irregular beads and increase occurrences of unmelted
or partially-melted powder adhering to the surface.

3.3.1 LP-DED Experiment Parameters

This study specifically focused on five key input parameters and impacts to the
resultant surface texture. The down selected parameters include the laser power,
travel speed, layer height, flow rate of powder, and powder size and are highlighted
in Figure 3.2. Several parameters were fixed based on the geometry desired and also
system configuration. The spot size selected was determined by the desired wall
thickness, in addition to the type, mode and subsequent profile of the laser were all
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fixed. The standoff was also considered but is accurately controlled in the motion
system with monitoring. The angle of the head is fixed normal to the surface. Other
parameters such as angle of the head, hatching, and build strategy were not applicable
since the experiment involved single bead width thin-wall deposition.

Laser and Optical
Path Subsystem

Motion Control

Powder Subsystem

Laser Power
Spot Size
Type of Laser
Profile of Beam
Mode of Laser

Travel Speed
Angle of Head
Layer Height
Standoff Distance
Hatching (Step)
Feature Spacing

Powder Feedrate
Powder Size
Carrier Gas

Type of Nozzle
Central Gas and/or
secondary

Build Strategy

v
Deposited Bead Width (Thickness)
Deposited Bead Height (Waviness)
Distortion
Melt Pool Dilution
Porosity
Surface Roughness

Figure 3.2. LP-DED parameter inputs that can impact surface texture and the
deposited bead geometry. The highlighted parameters were varied in this
study.

A total of 35 samples were fabricated on an RPM Innovations 557 machine with
a 3-nozzle Argon-carrier gas powder injection and Argon central purge deposition
head. This was a gantry-type system, and the build box was fully inert with Argon to
reduce oxidation. The laser used was an infrared (IR) 1064 nm continuous wave with
Gaussian profile. All samples were single bead width deposition tracks in the Z-
direction. The sample tracks were fabricated on a 13 mm thick mild steel build plate.

The baseline parameters were established through initial experimentation to
demonstrate a low porosity NASA HR-1 build that would meet geometric
requirements as well as optimal deposition time. The variation in parameters for this
experiment were selected to be 5% from nominal for power, travel speed, powder
feedrate, and 10% for layer height. These were selected to ensure that all build
samples would be successful to full height for data analysis in addition to meeting
wall thickness range of 1 to 1.2 mm. While parameters could be varied further, this
would result in incomplete or failed samples and data could not be collected. Other
studies suggest that a higher increase in laser power of 25% or more could improve
surface roughness [120]. However, core material microstructure and desired
geometry must also be considered. With increased power for thin-wall LP-DED, the
melt pool increases resulting in thicker walls, increased size and quantity of the
columnar grains, and results in a more porous structure [102]. Additionally, the
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NASA HR-1 could be adversely impacted with increased laser power through
vaporizing of strengthening elements or segregation of these elements, both resulting
in a poor material microstructure and properties [202].

Each sample was deposited using racetrack configuration (flat walls and 180°
radii) to provide dimensional stability and allow for surface texture (waviness and
roughness) to be measured on both the inner (internal to racetrack) and outer
(external) surfaces (Figure 3.3). The samples were 76 mm in length (Y-direction), 25
mm in height (Z-direction) and opposing walls spaced 25 mm apart (X-direction).
The area selected for surface measurements was 40 mm in width and 13 mm in height.
The samples were sectioned from the build plate via bandsaw and were cleaned in
Isopropyl alcohol to remove any excess machine oil. No mechanical cleaning was
used to preserve the surface. The samples are referenced by a unique indicator (1-35),
however the last four samples in the series (32-35) were labeled as A-D to indicate
nominal parameters. A built plate with samples (1 through 6, 32, 33) is shown in
Figure 3.3A. The typical surface from a coarse powder sample (45-105 pum) is shown
in Figure 3.3B and fine powder (10-45 pum) in Figure 3.3C.

Figure 3.3. Fabricated experimental select samples. A) Deposited samples on
build plate, B) Sample A (Run 32) with nominal parameters using 45-105 pm
powder, C) Sample C (Run 34) with nominal parameters using 10-45 pum
powder.
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3.3.2 NASA HR-1 Material

The NASA HR-1 alloy was selected for this study due to the importance of this
alloy for use in hydrogen based heat exchanger applications [201]. The NASA HR-1
alloy was developed at NASA Marshall Space Flight Center in the late 1990’s as a
hydrogen environment resistant (ie. “HR”) superalloy for use in high temperature and
high pressure hydrogen applications [205]. NASA HR-1 is a Fe-Ni-Cr Superalloy
that provides high strength and high ductility in these harsh environments and
originally derived from JBK-75. The alloy has been demonstrated in several
applications focused on liquid rocket nozzles and high temperature hydrogen
environment heat exchangers [77]. While other alloys exist that could meet these
general requirements, such as A-286, JBK-75, and the 300 series stainless steel (304,
310, 316), they can be limited in strength for such heat exchanger applications [13].

Two powder lots (HRA9 and HRA4) of rotary atomized NASA HR-1 from
Homogenized Metals Inc. (HMI) were used for the sample deposition in a fine cut
(10-45 um) and coarse cut (45-105 pm). The powder chemistry was within nominal
ranges including any trace elements that were measured (C, Mn, Si, P, S, B) as seen
in Table 1. Chemistry was measured using Inductively Coupled Plasma (ICP) at HMI.

Table 3.1. Chemistry for NASA HR-1 powder used in this study (Wt. %).

Element Powder Lot Noml_nal
Chemistry
HRA9 HRA4 Ref [201]
PSD 10-45 pm | 45-105 pm
Fe 41.24 41.78 Bal
Ni 33.91 33.71 33.7-34.3
Cr 14.66 14.49 143 -14.9
Co 3.79 3.75 3.6-4.0
Mo 1.83 1.82 16-2.0
Ti 2.41 2.31 22-2.6
Al 0.243 0.24 0.23 -0.27
\Y/ 0.302 0.30 0.28 - 0.32
W 1.60 1.59 14-1.8

The rotary atomized powder was characterized using a Microtrac (Version
10.1.0.6) and imaged using a Hitachi S3000H Scanning Electron Microscope (SEM)
to evaluate the general morphology. The fine and coarse cut powder SEM images can
be seen in Figure 3.4. The Microtrac calculated the peak distribution of the powder
at 70 um for the coarse powder (45-105 pm). The SEM showed mostly spherical
shape with a few oblong ellipsoidal particles and some traces of satellites for the
coarse powder. Oblong particles can cause issues with flowability or clog the nozzle
during deposition. The fine powder (10-45 um) showed a peak at 34 um from the
Microtrac characterization. While a majority of the finer powder is spherical observed
in the SEM, the oblong shaped morphology is also observed along with several sphere
and satellites and granular particles.
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500 pm

Figure 3.4. SEM Images of the NASA HR-1 Powder. A) Coarse cut 45-105 um
powder and B) Fine cut 10-45 um powder. Note: both images are at the same
magnification (100X)

3.3.3 Design of Experiment (DOE) Samples

A DOE was developed to understand the relationships between the input process
parameters, powder feedstock in two different PSDs, as well as significant
interactions of the parameters on the resulting surface texture and roughness. A split
design grouped by powder size was selected for the DOE because of the difficulty of
powder changes. This avoided changing powder every run, which was not feasible
for the experiment. A total of 35 runs (Runs 1 — 35) were completed at varying
parameters including four distinct runs (two with each powder size) at the
predetermined optimal set of parameters from prior development work on this alloy.
The predetermined optimal set of parameters was laser power = 350 W, powder
feedrate = 23 g/s, travel speed = 762 mm/s, and layer height = 0.254 mm. The
summary of parameters used for this study is shown in Table 3.2.
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The DOE was analyzed using analysis of variance (ANOVA) to determine the
significance and extent of influence for the LP-DED process parameters that impact
surface texture [206]. The overall model and influence of the individual factors and
interactions were considered significant if the probability value (p-value) was less
than the set significance level (oo = 0.05). This analysis was conducted using
DesignExpert software. The final model that best fit the data was a two-factor
interaction (2FI), with several terms eliminated that were not significant. Other
models were evaluated including quadratic but did not provide any significance.

Table 3.2. Selected Parameters and Powder for DOE runs.

Sample | Powder Laser Powder Travel Layer Powder
ID Change Power Feedrate Speed Height Size
W grams/min | mm/min mm pum
1 1 333 23.0 724 0.254 45-105
2 1 350 21.9 724 0.279 45-105
3 1 333 24.2 762 0.229 45-105
4 1 350 24.2 762 0.254 45-105
5 1 333 21.9 800 0.229 45-105
6 1 368 23.0 762 0.254 45-105
7 2 333 21.9 762 0.254 45-105
8 2 368 24.2 800 0.229 45-105
9 2 350 23.0 724 0.229 45-105
10 2 350 21.9 762 0.254 45-105
11 2 368 23.0 724 0.279 45-105
12 2 333 24.2 800 0.279 45-105
13 3 350 23.0 762 0.254 10-45
14 3 350 23.0 762 0.279 10-45
15 3 368 24.2 724 0.229 10-45
16 3 368 21.9 800 0.229 10-45
17 3 333 24.2 800 0.229 10-45
18 3 333 21.9 800 0.279 10-45
19 3 333 21.9 724 0.229 10-45
20 4 350 23.0 800 0.254 45-105
21 4 368 24.2 762 0.279 45-105
22 4 368 21.9 724 0.229 45-105
23 4 350 24.2 724 0.254 45-105
24 4 333 23.0 762 0.279 45-105
25 4 368 21.9 800 0.279 45-105
26 5 333 23.0 800 0.254 10-45
27 5 368 21.9 724 0.279 10-45
28 5 350 23.0 762 0.254 10-45
29 5 333 24.2 724 0.279 10-45
30 5 368 24.2 800 0.279 10-45
31 5 350 23.0 762 0.229 10-45
32 1 350 23.0 762 0.254 45-105
33 1 350 23.0 762 0.254 45-105
34 5 350 23.0 762 0.254 10-45
35 5 350 23.0 762 0.254 10-45
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3.3.4 Roughness Measurements and Microscopy

Each sample was then measured using a non-contact Keyence VR-5200
patterned light projection profilometer with three telecentric lenses at 80x
magnification and image stitching with an overlap of 20%. The samples were first
measured on the outer surface, then sectioned inside the radii and measurements were
completed on the inner surface. A surface form correction was used on the entire area
to remove the tilt and any curvature, and a reference plane was then established. No
filtering was used in the analysis of the surface topography data since the entire
surface is of interest for potential thin-wall applications. All measurements were
completed and reported according to ASME B46.1 [207]. The surface scanning
covered an area of 43 mm by 16 mm to remove any edge effects, and areal
measurements for average roughness (Sa), max height of surface (Sz), max peak
height (Sp), max valley depth (Sv), skewness (Ssk), kurtosis (Sku) were determined
from this region. Waviness was obtained in the horizontal and vertical directions with
a high-pass filter (Ac) of 0.25 mm and low-pass (As) of 0. The focus of this study was
on the sidewall vertical surface roughness, which is in the direction of flow for heat
exchanger applications. The measurement uncertainty was obtained by repeating
measurements on a single sample for each fine and coarse powder PSD samples. A
99% confidence interval for measurement uncertainty is calculated and presented in
the data plots.

In addition to areal surface analysis, five vertical lines and three horizontal line
profiles were obtained from the surface areal profile. The vertical direction
corresponds to the build direction and also flow direction in heat exchangers
fabricated with LP-DED. The 2D profile directional line texture parameters analyzed
were average profile height (Pa), average maximum profile height (Pz), reduced peak
height (Pp), reduced valley depth (Pv), skewness (Psk), and kurtosis (Pku). The
profile texture measurements (Pa, Pz, Pp, Pv, Psk, Pku) were used for this experiment
which is inclusive of waviness and roughness that could impact the application for
flow in heat exchangers. This is synonymous with the traditional Ra (average
roughness) but are not filtered for waviness. The line profile data is important to the
end application, and directionality should be considered for specific applications
[208], such as fluid flow, and included as an outcome of this study. The 2D directional
profile measurements were equally spaced across the region of interest in the vertical
and horizontal directions. The regions of interest for the areal surface roughness and
directional texture measurements are shown in Figure 3.5. For data reporting, the five
vertical texture measurements were averaged, as well as the three horizontal
measurements averaged, to provide a single value. All measurements were repeated
for the inner and outer surfaces for each sample.
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Build Direction (Vertical) Inner Surface

Outer Surface

Figure 3.5. Nomenclature and measurement locations for areal and directional
profile line texture measurements. The build direction also corresponds to the
flow direction for heat exchanger applications.

Following the texture measurements, SEM imaging was completed on a Hitachi
S3000H for select samples on the inner and outer surfaces within the central region
of the sample. The samples were then sectioned and mounted to evaluate porosity
and microstructure. The micrographs were imaged using a Keyence VHX digital
microscope. The samples were prepared per ASTM E3 using a Presi automatic
polisher. The samples were prepared to evaluate porosity were polished using 0.05-
micron colloidal silica, but not etched. This allowed for image characterization of the
potential defects independent of the visible grain structure. Select samples were
etched using etchant #13 (10% Oxalic Acid, Electrolytic) to determine the deposition
melt patterns and general grain structure.

The porosity was measured on the polished samples using ImageJ software
(Version 1.53e). The image was adjusted to 8-bit to allow for differentiation between
pores and other stains or burns that can occur from polishing. The entire area of the
sample was then selected, and the areas of porosity quantified; any edge effects were
eliminated to minimize error. The samples thickness was measured using ImageJ at
five transverse locations and then averaged to provide a single value.

3.4 EXPERIMENTAL RESULTS

3.4.1 Visual and SEM

All samples from the LP-DED process were built successfully (no failures, no
process stops, no issues noted) to the nominal dimensions. The samples were
removed from the build plates and evaluated in the as-built condition (i.e., no stress
relief or subsequent heat treatments; no surface modifications). The coarse powder
samples appeared to have a higher degree of texturing across the surface, and the fine
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powder samples emerged smoother from visual inspections. The SEM images show
the surface roughness being impacted by the powder size, as seen in Figure 3.6. The
coarse powder samples have a random powder scattering across the surface (Figure
3.6A) of partially melted and loosely adhered powder (Figure 3.6B). Several powder
particles can be seen barely protruding from the surface encapsulated by the solidified
surrounding material, while the partially melted and solidified material forming a
radius with the underside of the particles. The fine powder samples (Figure 3.6C,
Figure 3.6D) show a higher number of particles adhered, covering adhered covering
almost the entire surface. There is minor visual evidence of the macro waviness
observed in Figure 3.6C, potentially from layer height. There are many instances of
fully melted and partially melted fine particles similar to the coarse powder. The
diameter of the particles measured normal to the surface on the SEM images match
the PSD of the powder sizes used for respective samples.

; # 5 -
"\ r&:\ﬁ B ,f\

WD15.6 mm 20.0kV 50x 1.0mm | WD15.6 mm 20.0kV 250x

Figure 3.6. SEM images of select samples. A) Sample 32 inner surface with
coarse powder at 50x, B) Sample 32 inner surface with coarse powder at 250X,
C) Sample 34 inner surface with fine powder at 50x, D) Sample 34 inner
surface with fine powder at 250x.

3.4.2 Microstructure

Representative sectioned and etched samples for coarse and fine powder are
shown in Figure 3.7. The sample with coarse powder (Fig. 7A, B, C) displays the
particles adhered to the surface with solidified material forming a tangential radius
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between. In most instances, the melted and solidified material extends about 50% of
the width of the particle, forming the roughness on the surface assuming powder
particles protrusions are defined as roughness and the layering is defined as waviness,
as suggested by Diaz [127]. There are a few instances observed with subsurface
particles that are not fully melted into the surrounding material and shown to be a
maximum of 2x the diameter of the powder PSD. The unmelted coarse particles
extend about 150 um subsurface measured normal from the surface. The fine powder
sample (Fig. 7D, E, F) shows a higher number of instances and higher density of
unmelted powder across the surface and subsurface. There are multiple layers of
unmelted or partially melted fine powder observed subsurface with solidified material
between the particles. The unmelted particles extend about 100 pm into the
subsurface when measured normal from the external surface.

The melt pools are clearly visible in the etched samples. The microstructure is
characteristic of the LP-DED process with epitaxial dendrite grain growth that
traverse across melt pools [209-211]. The dendrite arm growth is random, but also
shows a tendency to solidify from the outer surface of the melt pool towards the
center. Small grains are observed on the external surface of the samples due to the
rapid cooling [212]. The rapid cooling of the exterior surfaces trap excess powder
with solid material, surrounding these loose particles.
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Figure 3.7. Sectioned and etched samples with inner and outer surfaces. A, B,
C) Sample 32 using coarse powder, D, E, F) Sample 34 using fine powder.

3.4.3 Areal Measurements

The areal roughness measurements (Sa, Sz, Sku, and Ssk) for all of the
specimens are summarized in Figure 3.8. Sa is the typical areal parameter used to
quantify roughness of surfaces but does not capture the complexity and discriminate
between peaks and valleys. The Sz, Sp, Sv, Sku, and Ssk parameters define the
magnitude of the peaks and values that can be used in fluid flow evaluations for heat
exchangers or material removal estimates for post-processing operations (e.g.
machining or polishing). The DOE samples were each built with a varying set of
parameters and identified by sample number on the X-axis of plots, which is
synonymous with the run number (Table 3.2). The average areal roughness
(arithmetic mean deviation), Sa, in Figure 3.8A clearly shows the fine powder is
lower compared to the coarse powder in almost all samples, which is consistent with
prior observations [84,213,214]. The dotted lines shown in Figure 3.8 pair the inner
and outer wall measurments for readability.
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Figure 3.8. Areal texture measurements for all samples. A) Average area
roughness [Sa], B) Maximum height of surface [Sz], C) Kurtosis [Sku], D)
Skewness [SsK].

Another trend observed is the difference between the inner and outer surface with
the inner surface showing higher roughness in almost all instances for both fine and
coarse powders. This is due to ricochets, recirculation, and higher volume of powder
available on the internal volume of the racetrack sample to bond to the trailing edge
of the melt pool during solidification. There is a high volume of powder available due
to the low efficiency (<10%) with thin-wall depositions such as this. The Sa for the
coarse powder shows a tight grouping of data independent of the changes in
parameters, where the fine powder has more variation. The fine powder shows higher
sensitivity in changes to build parameters. The areal roughness, Sa, for the fine
powder showed a downward trend as a function of energy density. The coarse powder
was stable as a function of the energy density. From the dataset, sample 30 appears
to be a clear outlier, which is partially impacted from the waviness from the layering.
This was the only sample where all build parameters were set to the higher range
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(power = 368 W; powder feedrate = 24.2 g/s; travel speed = 800 mm/s; layer height
=0.279 mm).

The amplitude parameters for Kurtosis (Sku) and skewness (Ssk) were
evaluated and shown in Figure 3.8C and D. The high Sku (> 3.0) indicates that all
samples have a high degree of peaks and valleys across the surface. The coarse and
fine powder samples show minor variation within the groups and indicates the
predominance of peaks across the surface (based on Ssk). Most of the coarse samples
are dominated by peaks. Ssk trends downward as energy density increases
independent of powder PSD, but only for the inner surface.

3.4.4 Directional Profile Measurements

The 2D directional profile texture results are similar to the areal parameters
and shown in Figure 3.9. These parameters were measured in the vertical direction at
a length of 16 mm. The trends are very similar with the coarse powder PSD showing
higher values than the fine powder PSD. The dotted lines in Figure 3.9A pairs the
samples together for readability. For a majority of samples the average profile height
of the inner surface (Pa) has a higher texture than the outer surface, although some
are reverse compared to Sa such as samples 1, 8, 25. Pa is a localized measurement
and any excess powder, particularly with the coarse PSD, in a localized area could
change the values. The largest disparity is 9% (sample 8) and with the measurement
uncertainty cannot be shown statistically different.

The average maximum profile height for the vertical (Pz) measurement is
grouped tighter for the coarse powder and similar for the fine powder. The high
measurement uncertainty for the coarse powder represents the random coarse particle
adherence causing larger peaks and valleys. The Pz of the inner surface is generally
higher than the outer surface, but variations can be attributed to location dependency.
The Pku is similar to the Sku and the surface is dominated by a high degree of peaks
and valleys for all coarse samples and to a lesser degree the outer surface fine powder
samples. The peaks (Pp) and valleys (Pv) for the inner surface is observed in Figure
3.9A and Figure 3.9D for the outer surface. The Psk indicates that peaks are still
dominate on most of the samples. The 2D profile values, specifically Pa, Pz, Pp, Pv,
Pku, Psk are also important to report since fluid flow in heat exchangers is directional
and may be used in flow performance evaluations such as friction factors.
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3.45 \Waviness

Typical LP-DED samples have shown layering undulations from the dilution of
vertical melt pools created on the sidewalls forming waviness [120,215]. In prior
literature this layering is apparent in the cross-section of the deposited samples
[92,119]. Within this current study, the layering and undulations are not visible in the
sectioned samples. The vertical waviness is shown in Figure 3.10 and shown to be
more preferential to the inner surface. The dotted lines are provided to enhance
pairing of samples for readability. The coarse samples vary by 15% of the average,
with the exception of sample 12. The coarse samples did not show any statistical
trends in waviness compared to layer height, while the fine samples indicated
increased waviness with increased layer height. The finer powder PSD samples have
a higher degree of variation showing higher sensitivity to the process parameters and
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resulting melt pool geometry [213]. Sample 30 has higher waviness compared to
other samples with all the deposition parameters set at the highest values. The
increased layer height in addition to higher power and increased powder feedrate
causes the melt pool to spread, resulting in higher waviness.
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Figure 3.10. Vertical waviness for inner and outer surfaces.

3.46 DOE Results

The DOE data were analyzed using ANOVA with the process parameters as
the factors and the surface roughness (Sa) data as the response. The final model that
best fit the data was a two-factor interaction (2FI), with several terms eliminated that
were not significant. The results from the ANOVA of the inner surface roughness are
provided in Table 3.3 with an overall R? fit of 97.8% for the selected factors. The
results show that powder size is the major contributor at 71% of the overall model,
as observed in the average areal roughness data. The layer height is also a contributor
and the interaction between layer height and powder size at 10% each. Other
interactions of the parameters were significant in the model, but not major
contributors to the texture or roughness. Prior studies by Gharbi et al. and also Ahsan
showed a correlation between the roughness and the energy density that as energy
density increased the roughness also increased [120,216]. A major difference in those
studies compared to this was a significant variation in power, where this study
focused on a 5% difference. This study was also focused on maintaining a consistent
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and thin wall, so significant increases in energy density would increase the melt pool
diameter and subsequent wall thickness.

Table 3.3. ANOVA for average inner surface roughness (Sa).

Source Sum of DoF Mean | F-value | p-value
Squares

Model 359.2 11 32.7 91.3 <0.0001
A-Laser Power 0.1 1 0.1 0.2 0.6432
B-Powder Feedrate 1.2 1 1.2 3.3 0.0804
C-Travel Speed 0.0 1 0.0 0.1 0.7212
D-Layer Height 35.3 1 35.3 98.8 <0.0001
E-Powder Size 259.6 1 259.6 725.9 <0.0001
A*C 1.2 1 1.2 3.4 0.0782
A*D 4.7 1 4.7 13.1 0.0014
B*C 5.7 1 5.7 15.8 0.0006
B*D 2.8 1 2.8 7.7 0.0106
B*E 2.4 1 2.4 6.7 0.0163
D*E 37.0 1 37.0 103.6 <0.0001
Residual 8.2 23 0.4
Lack of Fit 7.7 19 0.4 3.4 0.1236
Pure Error 0.5 4 0.1
Cor Total 367.5 34

3.4.7 Porosity

The porosity of each sample compared to the Sa values is shown in Figure 3.11.
All fine powder samples have a measured porosity of less than 0.061%, average of
0.031% *0.01% and low value of 0.014% (range of 0.047%) consistent among all
fine PSD samples. The coarse powder samples had a much wider distribution of
porosity and ranged from 0.052% up to 0.307% and average of 0.13% %0.07%.
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Figure 3.11. Porosity measurements in samples compared to inner average
areal surface roughness (Sa).

3.4.8 Sample Wall Thickness

Thickness variation was evaluated through direct measurements of the cross
sectioned samples. The results of the overall thicknesses along with powder size and
laser power are shown in Figure 3.12. An ANOVA was also established to evaluate
the build parameters impacting thickness. While the model showed several factors
were significant for several factors and interactions, the R? fit was only 82.7%. A
major contributor to the thickness model was laser power (25.3%) and travel speed
(22.3%). Layer height had a small contribution (5.5%) as well as powder size (4.6%)
and interactions of the parameters (16.6%). Figure 3.12 indicates some visual
correlation of thickness to laser power, although all parameters are being adjusted
simultaneously.
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Figure 3.12. Sample cross-sectional thickness compared to powder PSD and
laser power.

The process hardware and setup for building the desired wall thickness can
have an impact on the final surface roughness. The melt pool resulting in 1 mm wall
thickness results in a lower catchment efficiency of 5-20% [120]. The powder that is
captured in the melt pool is often drawn to the center due to Marangoni flow [75].
Particles that are not fully molten can be expelled from the melt pool and adhere to
the sidewalls or trailing edge [208]. The residual powder (80-95%) not captured is
then available to bond to the trailing edge of the melt pool in the outmost surface and
then rapidly cooled [217,218]. This is further exasperated in thin-walls due to low
thermal mass and accelerated cooling rate. For practical applications of the LP-DED
process, the geometry also needs to be considered. There can be differences in
powder consumed during the process based on primitive (simple) geometry compared
to complex surface geometry and dependent upon laser-on time (building versus
positional movements).

The Pz parameter is compared with the Pa parameter and plotted as a
function of layer height in Figure 3.13. The coarse powder does not show a sensitivity
to average or maximum texture profile based on layer height. The fine powder shows
a more apparent trend with the lower layer height providing a lower average and
maximum texture profile, although data does not match for all samples with other
parameter variations.
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Figure 3.13. Comparison of average profile height (Pa) to average maximum
profile height (Pz).

The vertical orientation along the direction of the build was the primary interest
for surface texture, but horizontal profile texture was also evaluated to evaluate
differences. This is shown in Figure 3.14. The line on the graph is provided as a
reference assuming an arbitrary slope of 1. The coarse powder PSD indicates little
difference (1%) between the vertical and horizontal directions. The fine powder
profile is biased toward the vertical direction with a difference of 9%.
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3.5 DISCUSSION

The finer powder has more instances of subsurface particles than the coarse
particles observed in the micrographs, because of the propensity for rapid
solidification during the build [219]. This does not impact the surface texture and the
finer powder still provides lower values overall. While literature reports that the finer
powder tends to have flowability issues [220,221], there were no issues observed with
the 3-nozzle system used in this study. The fine powder samples indicate that the
inner surface is predominately peaks while the outer surface is mostly valleys. The
high degree of peaks for the inner surface indicates that powder particles are adhering
to the surface as the NASA HR-1 starts to cool (ie. excess powder capture). Due to
the reduced volume, the finer powder requires less thermal energy to melt [222]. The
finer powder PSD combined with the higher likelihood of powder trapped and
recirculating in the enclosed racetrack increases the excess powder capture to the
inner surface. During deposition of the fine powder, it was observed that powder was
suspended in the build chamber, which was likely the lower end of the fine PSD (less
than 25-30 pm). The higher velocity of the fine powder in the gas stream is ejected
from the nozzle and causes rebounds off solidified surfaces [223]. The coarse
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particles were shown to be more likely to break through the surface tension of the
melt pool and likely to be melted or partially solidified [75].

While the Sa had a tighter range for the coarse powder than the fine powder, the
opposite was true when evaluating with the Sz parameter (Figure 3.8B). This
indicates a higher range in the peaks and valleys with the coarse powder, which
follows the visual observations of the full adherence or partial melting of the coarse
powder overcoming the surface tension. There are limited instances of unmelted
coarse powder observed subsurface. The coarse powder samples are dominated by
the peaks for the inner and outer surface with the solidified material forming a
tangential radius between the partially melted particles. The fine powder has a high
concentration of unmelted particles across the surface and subsurface. The fine
powder shows an approximate split of peaks and valleys, although valleys shown to
be marginally higher for most samples. The concentration of these unmelted particles
make up these peaks and valleys bonded by solidified material (Figure 7F).

Uniform and consistent roughness is a significant consideration in component
design fabricated from LP-DED, but the material quality and process ability to meet
geometric requirements consistently is equally important. These factors can include
the material density and the wall thickness. The lower porosity with fine powder has
been observed in studies in other alloys [224,225], which can also be related to the
increase in efficiency for the finer powder [226]. Townsend et al. points out that
surface conditions may act as a fundamental observation to more underlying material
defects [227]. The results from the current study align with this observation in that
the reduced surface texture also resulted in a material with lower levels of porosity,
although no significant defects were noted in either set of samples with varying
powder PSD. This alone does not indicate that mechanical and thermophysical
properties will match intended requirements, and the properties need to be confirmed
with testing.

A prior study by Jinoop et al. indicates 38% increases in wall thickness with
83% increase in power [95]. Other studies also reference the increase of the wall
thickness due to the larger melt pool observed with increased laser power [228,229].
Low laser power can generate lack of fusion and detrimental effects on surface
roughness and mechanical behavior, so a proper balance is required [230]. The
reduction of travel speed also leads to increased wall thickness [231]. Fine powders
allow for uniform flow in the deposition nozzle and promote a small melt pool from
the laser [68]. However, in this study there was not a significant difference observed
in the wall thicknesses between the fine and coarse powder with the power changes
observed. The NASA HR-1 alloy also has tendency to be more sluggish during the
build and the melt pool does not tend to flow out compared to other alloys.

The mechanisms that produce surface texture in the vertical and horizontal
directions differ for thin-walls. The vertical roughness is related to the bead geometry
(width and height), layer height, and the adherence of unmelted (residual) and
partially melted powder to the outmost surfaces. The horizontal roughness relates to
the adherence of the residual and partially melted powder assuming measurements
are made nearly parallel with the bead. The low difference between the vertical and
horizontal surfaces from this study provides validation that the surface roughness is
near uniform, and the anisotropy is coming from the waviness. The parameters
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selected in this study provide good dilution of the melt pool eliminating
discontinuities between layers for an optimal processing window [232,233].

The major contributor to roughness in this study is the powder PSD with
fine powder providing lower areal roughness and directional profile texture. The
surface roughness map for samples 32 (coarse powder) and 34 (fine powder) is shown
in Figure 3.15. The particles are bonded at various time periods during the
solidification of the NASA HR-1 with some fully encapsulated with melted material
and others partially bonded. The fine powder has a much higher sensitivity to the
build parameters compared to the coarse powder when build parameters are changed.
The volumetric heat capacity of the fine powder is 18% of the coarse powder and will
tend to heat up quickly in the laser beam and become fully molten as it is injected
into the melt pool [234].

The layer height did have a significant impact, albeit lower influence on
surface texture. There was a higher degree of waviness present on the inner surface
of the racetracks. Many prior studies showed the layering and obvious lateral menisci
from LP-DED process. This was not readily apparent in the 1 mm thick NASA HR-
1 samples, and waviness is not impacted by layer height. The directional surface
roughness was within 9% for horizontal and vertical directions and considered
uniform.

Outer Surface Inner Surface
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Figure 3.15. Comparison of areal surface roughness map for coarse and fine
powder, inner and outer surface.

Based on the average, the inner surface has 1.67 um higher roughness than
the outer surface. This difference was also confirmed to be significant with a paired
t-test for the mean at 0.01 significance level (99% confidence). This difference was
also more pronounced in the fine powder sample (2.3 pm average) compared to the
coarse powder (1.2 pm). It should be noted that there are four runs where the outer
surface is higher than the inner surface. However, the differences were similar at 0.2
— 0.3 um, while one sample was 1 um, and all parameters were modified in unison.
The commonality of these four runs is when layer height is set to the lowest (0.229
mm) or travel speed is set to the highest (800 mm/s).

Based on the DOE results and observed changes in parameters, the surface
roughness can be reduced. The contour plots observing Sa as the factor are shown in
Figure 3.16. Similar plots were completed for vertical Ra showing nearly identical
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results. To reduce surface roughness to the lowest value for the NASA HR-1, the
layer height should be set to the lowest values along with using the fine powder. The
interaction of the other parameters only had minor contributions and did not impact
results enough, so were maintained at nominal values. The fine powder and low layer
height also provided low porosity material and desired wall thicknesses.

A practical balance of parameters should also be considered as results are
used for parts production. While surface roughness was reduced with the lower layer
height (0.229 mm) from the nominal (0.254 mm), the build time would increase. The
roughness is increased from 15.6 um at the lower layer height by 1 um when the layer
height is increased to 0.254 mm. This represents a 6% increase in average roughness
(Sa), but a build time increase of 17%. The build time was calculated with a simple
primitive geometry model changing the layer height, assuming a constant travel
speed.

- Inner Surface, Sa Outer Surface, Sa

%o
5

Powder Size [pm]
Powder Size [pm]

0.2286 02413 0.254 0.2667 02794 02286 02413 0254 0.2667 0.2794
Layer Height [mm] Layer Height [mm]

Figure 3.16. Contour plot for average areal surface roughness with powder size
and layer height interaction. The powder size is shown in maximum value (45
and 105 um) and average areal roughness (Sa) units in pum.

3.6 CONCLUSIONS

Industrialization of additively manufactured parts requires a detailed
characterization of the microstructure and the resulting geometry such as wall
thickness, defects such as porosity, and the surface texture for successful use in
critical applications. In this study, closed racetrack NASA HR-1 1 mm thin-wall
samples were built using the LP-DED process with rotary atomized fine and coarse
powder to evaluate surface texture (roughness and waviness), basic geometry, and
microstructure. These samples were successfully built using a single-bead deposition
wall to a height of 25 mm. A design of experiments (DOE) was setup to evaluate the
variation in parameters to determine the correlation and influence of the build
parameters and powder particle size distribution (PSD). A total of 35 samples were
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successfully deposited with various parameters and were measured using a non-
contact patterned light projection profilometer in the as-built condition. The samples
were also evaluated using optical microscopy and scanning electron microscope
(SEM) and sectioned to evaluate thickness, porosity, and roughness. The results are
presented and summarized, and the following conclusions are drawn from the NASA
HR-1, 1 mm thin-wall samples.

Surface roughness of LP-DED material is derived from excess or partially
melted powder captured on the outmost surface of the trailing edge melt
pool. The areal average surface roughness (Sa) is thus dominated by peaks
of these particles.

Partially or unmelted powder can be solidified in the subsurface and was
observed to be a maximum of 2x the diameter of the powder PSD.

Fine powder (10-45 pm) produces on average roughness 23% lower
compared to the coarse powder (45-105 pm).

The inner (enclosed) surface shows a higher average surface roughness,
texture, and waviness compared to the outer surface due to ricochets,
recirculation, and higher volume of powder available to bond to the surface
during solidification. This is further exasperated with thin-wall depositions
where powder efficiency is reduced and more powder available to bond to
the outmost surface during solidification.

The resulting surface roughness from the fine powder indicated a higher
sensitivity to the parameter changes where the roughness with the coarse
powder showed little change.

The analysis of variance indicated that the powder, layer height, and
interaction of these accounted for 90% of the inner surface roughness and
95% of the outer surface roughness.

The fine powder produced samples with lower overall porosity and averaged
0.03% +0.01%, while the coarse samples had a higher range and averaged
0.13% +0.07%

A wall thickness of 1.05 to 1.15 mm can be properly maintained with either
coarse or fine powder and related to the laser power.

Waviness was minimized using a lower laser powder (<333 W), higher layer
height (<0.28 mm) along with increased travel speed (800 mm/min) and
increased powder feed rate (24.2 grams/min) to produce a uniform surface
with minor waviness. The typically reported menisci of layering were not
observed in the NASA HR-1 thin-wall samples deposited with the optimized
parameters and 3-nozzle configuration.

Surface roughness can be minimized by using fine powder, laser power of
350 W, powder feedrate of 23 g/min, travel speed of 762 mm/min, and a low
layer height of 0.229 mm. While the surface roughness is reduced at these
parameters a balance should also be evaluated based on process economics.
With the decreased layer height, the build time is increased by 17%. The
layer height could be increased to 0.254 mm, and the impact on surface
roughness would be a 6% increase (+1 pum).
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The LP-DED process is maturing and was demonstrated to successfully deposit
freeform thin-wall features. This process can provide an alternative to the laser
powder bed fusion (L-PBF) process for large-scale parts that require thin-walls, such
as heat exchangers with internal channels or flow passages. While AM has shown
surface roughness higher than traditionally manufactured parts, this study showcases
a detailed understanding of the surface textures. The understanding of surface texture
is critical for increased or debits to flow performance in heat exchangers allowing
enhanced heat transfer or increases in pressure drop. This study also demonstrated
the repeatability of LP-DED thin-walls and a high-density deposition using the
NASA HR-1 alloy for use in high-pressure hydrogen applications.
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Chapter 4

Chapter 4 — Influence of Angles
on Surface Texture and
Geometry

Major portions of this chapter were published in:

Gradl, P., Cervone, A., Colonna, P., 2023. Influence of build angles on thin-wall
geometry and surface texture in laser powder directed energy deposition. Materials
& Design 234, 112352. https://doi.org/10.1016/j.matdes.2023.112352

4.1 ABSTRACT

The characterization of geometric capabilities and limitations is critical for
establishing guidelines for end users of the technology. Within this study, several
samples of enclosed vertical tracks were fabricated and characterized using LP-DED,
with 1 mm-thick walls and varying inclination angles up to 45° using the NASA HR-
1 alloy (Fe-Ni-Cr). The wall thickness, melt pool, and surface texture, inclusive of
waviness and roughness, were evaluated and results presented. The experimental
results indicate that the wall thickness increases exponentially above 30°. The surface
texture was shown to be dependent on 1) excess powder adherence, 2) melt pool
irregularities causing material droop, and 3) excess material. The experiment revealed
that the mean roughness reduces with increasing wall angle for the downskin. The
upskin roughness reaches a maximum peak at 20° and slowly reduces as powder
adheres within valleys. Both the downskin and upskin surface textures are dominated
by irregular waviness generated by the melt pool.

4.2 BACKGROUND

Research has been conducted to explore the feasibility of creating vertical single-
bead thin-walls (<1.5 mm) using the LP-DED process, but focused on materials
characterization and mechanical testing of vertical or horizontal surfaces
[92,94,103,104,118,190,195,235-237]. A gap in prior LP-DED studies is the
characterization of thin-wall geometric limitations including build angles, features
(holes, channels, slots, etc), thickness variation, surface texture, and the combination
of these attributes [5,238-240]. These features, including thin-walls and internal flow
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passages, are common in complex AM parts, particularly in applications such as
aerospace or industrial heat exchangers. Thin-wall feature characterization is
particularly important due to decreased powder efficiency in the process, which can
impact the geometry [120]. The understanding of the DFAM guidelines for thin-wall
LP-DED bridge the divide between fundamental research and practical
implementation [74].

A few studies explored LP-DED of thin angled walls limited to stainless steel
(SS) alloys. Kalami and Urbanic conducted LP-DED experiments to produce a SS
410 dome structure with 2 mm walls, which focused on developing an algorithm for
process planning multi-axis toolpaths and collision avoidance of the deposition head
and the part [97]. The research was expanded to study surface roughness (Ra) and
concluded that the interfaces between toolpath partitions caused significant changes
in roughness [208]. As a result of utilizing partitioned toolpaths and maintaining the
deposition head in a normal position, no definitive conclusions could be drawn
regarding the impact of changing angles on surface roughness. Kaj et al. studied 2
mm walls deposited with LP-DED SS 316L and focused on 5-axis motion control
[183]. The research indicated a 32.5° wall was achievable with LP-DED but did not
provide any corresponding surface texture or roughness data. Wang et al. deposited
1 mm thick angled walls up to 32.9° using SS 17-4PH with collapses occurring above
that angle [241]. The research concluded that lowering the layer height (Z-increment)
to 0.43 mm resulted in more consistent angles (+/-0.9°), but also collapsed above 31°;
no data on the surface texture was included.

Surface texture is another key geometric attribute for design since it can impact
mechanical properties such as fatigue life, and, in case of internal fluid flows, heat
transfer, and friction factors [106]. It is well known that the surface texture for AM
produced parts is higher compared to traditional manufacturing techniques [242,243].
Proper filtering of measurements is of paramount importance when analyzing surface
texture, encompassing form, waviness, and roughness. When defining roughness as
an input for fluid flow analysis, relying solely on roughness data may not provide an
accurate representation of the complete surface profile. [127,244]. The combination
of height, spatial, hybrid, and functional parameters within comprehensive parameter
groups enables a holistic understanding of the surface properties. [245]. Each of these
texture parameters aid in describing results from manufacturing processes or end-use
function (i.e. wear, lubrication, friction, fatigue, sealing, etc) [245]. Surface texture
measurement is important during manufacturing to validate design assumptions and
reduce uncertainty. It is also critical to measure and characterize surfaces during
manufacturing operations. These experimental data are used to discern the underlying
mechanisms behind the observed texture, such as waviness and roughness. This helps
guide the total amount of material that needs to be removed during subsequent
polishing or machining operations if a certain texture is required.

Surface texture is a direct outcome of the AM build process and is influenced by
various factors, including the build orientation, wall angles, feedstock, process
parameters, wall thickness, and the material being used [68]. It is known for L-PBF
that surface texture varies significantly based on the angle and orientation (upskin or
downskin) of a surface [126,246]. It has been shown that increasing the angle of
downskin surfaces, relative to the build direction, increases the surface roughness due
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partially to unmelted powder adherence and dross formation [112,247]. Dross is
excess material from overheating that forms at surface as the laser melts the powder
and the material subsequently cools [85,248]. These studies all focused on evaluating
the upskin and downskin surface texture related to L-PBF, but a gap exists related to
this characterization for LP-DED.

Prior studies about L-PBF and LP-DED indicated that the observed stair step (or
stair case) effect increases the surface roughness [115,236,249]. The stair stepping is
the result of slicing the part into defined layers. The part is built in these layers with
a determined height increase (Z orientation step up) of the deposition head that is
programmed. The step is a resultant of these layers, which can be more pronounced
as the surface angle increases relative to the build direction [209,250]. While the
literature addresses the impact of the stair step as a form of roughness, it often does
not segregate the data to distinguish waviness, creating a gap with respect to the full
characterization of the LP-DED process.

This chapter summarizes research that used a variety of experimental data to
characterize the geometry dependency of various samples fabricated using LP-DED.
The study focuses on 1 mm wall thickness samples fabricated at angles up to 45°
using hydrogen-resistant NASA HR-1 (Fe-Ni-Cr) alloy. These samples were
deposited as freeform “racetracks”, with a straight wall on each side and 180 bends.
The purpose of this experiment was to characterize deposition angle dependency for
build limitations, upskin and downskin surface texture, wall thickness, and general
microstructure. An equation was developed to predict wall thickness. These results
are intended to advance the understanding of DfAM for the LP-DED process and to
establish attributes for design and research engineers. The experimental results
obtained are specifically applicable to the NASA HR-1 alloy. However, it is worth
noting that the observed trends may have broader applicability to other alloys,
provided that additional data collection is conducted.

4.3 METHODOLOGY

4.3.1 DED System and Samples

Ten NASA HR-1 alloy samples at angles varying every five degrees were
deposited on an RPM Innovations (RPMI) 557 LP-DED machine with an argon-inert
build chamber. The 557 system incorporated an infrared (IR) continuous wave
gaussian profile 3 kW IPG laser, three coaxial nozzle within the deposition head, 5-
axis motion control, and disc powder feeder with agitation capabilities. The motion
control system was a Cartesian gantry-type system with a tilt and rotate trunnion
table, although the trunnion table was not used in this experiment. The samples were
built using a 2+1 axis approach, meaning each layer was deposited and the deposition
head translated in height by +0.254 mm to deposit the next layer. The deposition head
remained perpendicular to the build plate for all samples.

The samples were deposited as an enclosed racetrack (straight walls and 180°
radii) to provide for dimensional stability. The baseline sample was built vertically,
with the identifier referencing the build direction (0°); subsequent samples are

Chapter 4—67



Chapter 4

identified in reference to the angle offset from the vertical build direction (5°, 10°,
...45°). The baseline 0° sample geometry was identical to a prior study in which
deposition parameters were varied using the same NASA HR-1 alloy [251]. While
the use of 5-axis systems is possible, it is not feasible for every part and the practical
application of complex LP-DED parts still uses a 2+1 (layer-wise slicing) and a
combination of multi-axis toolpath planning. The samples were single-width passes
(1 mm) at 76 mm length (Y-direction), 25 mm height (Z-direction), and 25 mm span
between the adjacent wall (X-direction). The samples were built on an A36 mild steel
12 mm thick base plate. The layers for each sample were built individually, but
simultaneously to allow for proper cooling between passes. All samples were
evaluated in the as-built condition with no stress relief or other heat treatments and
no surface cleaning or post-processing. The samples were removed from the build
plate using a bandsaw and deburred on the bottom edge only. The samples from each
angle are shown in Figure 4.1.

The upskin is referred to as the surface angled upward relative to the deposition
head. This is also the outer surface on all samples. The downskin is the downward
facing and the inner surface. The upskin and downskin terminology is consistent with
previous L-PBF research [42].

The samples were built successfully up to 30° (Figure 4.1). The 35° and 40°
specimens featured discontinuities in the radius. The 45° specimen had
discontinuities in the radius and failed in the opposing wall. Once the deposition had
challenges in a layer, this discontinuity would propagate and become worse with
increased height. The straight wall that was successfully built served as the basis for
all characterization and analysis.

a

' Build Direction (2)
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Figure 4.1. As-built NASA HR-1 alloy angled specimens removed from the
build plate.
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4.3.2 Deposition Parameters

The deposition parameters used for the experiment are listed in Table 4.1. The
optimal parameters were selected based on a prior design of experiments to optimize
high density microstructure and reduced build time [77,251,252]. Argon was used as
the carrier and shielding gas. The deposition head was fixed normal to the surface
and the standoff distance was actively monitored and controlled. The layer height
remained constant at 0.254 mm and X-axis translation adjusted based on the angle of
the sample. The start and stop points were randomized for each sample. The trunnion
table was locked and not used for these samples. While acknowledging that the use
of atrunnion table could potentially increase the maximum build angle, it is important
to note that this build approach for thin-wall complex hardware designs may not
always be feasible and is not the primary focus of this study.

Table 4.1. Parameters used for angled racetrack sample deposition.

Power Powder Feed rate Travel Speed Layer Height
(W) (grams/min) (mm/min) (mm)
350 23 762 0.254

4.3.3 NASA HR-1 Alloy

NASA HR-1 is a Fe-Ni-Cr superalloy used in high pressure hydrogen
components, such as heat exchangers. It was developed for resistance to hydrogen
environment embrittlement (HEE). NASA HR-1 provides high strength and high
ductility in harsh hydrogen environments such as liquid rocket engine nozzles and
heat exchangers and it is derived from the A-286 and JBK-75 alloys [253,254]. The
powder was rotary atomized by Homogenized Metals Inc. (HMI), with a particle size
distribution (PSD) of 55-105 um meeting +140 mesh at 0% and -325 mesh at 3.2%
per ASTM B214 using a Microtrac (Ver 11.1.0.6), and chemical composition
provided in Table 2 (HMI powder lot HRA7). A SEM image of the morphology is
shown in Figure 3. The Oxygen content was 59 ppm and Nitrogen content was 9 ppm.
The chemistry was measured using Inductively Coupled Plasma (ICP) at HMI. The
peak powder size was 69 um and a Vega3 Tescan Scanning Electron Microscope
(SEM) using Backscatter Electron (BSE) showed mostly spherical particles with a
few satellites and random distribution of occasional oblong particles. The powder
cumulative distribution has 10% of particle sized below 58 um (D10), 90% below 85
pm (D90), and 99% below 105 pm (D99) with a median particle size of 69 um. Virgin
powder was used for all builds. The samples were evaluated in the non-heat treated
(as-built) condition.

Table 4.2. Chemical composition of NASA HR-1 alloy powder (HMI Lot HRA7).
Fe | Ni Cr Co | Mo |Ti Al |V | W
Wt. % | Bal. | 34.03 | 14.64 [ 3.75 | 1.84 | 2.46 | 0.23 | 0.3 | 1.59
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Figure 4.2. SEM image of NASA HR-1 (55-105 pm) powder morphology.
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4.3.4 Surface Metrology and Imaging

Surface texture measurements were obtained using a non-contact Keyence VR-
5200 pattern light projection profilometer. The setup included three telecentric lenses
with 80x magnification capability and an overlap of 20%. Each sample was measured
on the upskin (outer) surface and then sectioned inside of the radii to allow access to
the inner surface. The downskin (inner) surface was then measured. The surface
scanning covered a total area of 43 mm by 16 mm shown in Figure 4. Areal surface
measurements were reported in addition to directional legacy measurements. The
texture measurements are reported along with a brief explanation and mathematical

definition [244,245,255] in Table 3.

Table 4.3. Description of surface parameters and definition.

Description of Surface
Parameter

Mathematical Definition

Average texture (Sa) —
average areal roughness
across the entire 3D surface
relative to a best fit plane.

1
Sa =—ﬂ |Z(x,y)| dx dy
A A

Root mean square (RMS)
height (Sq) —standard
deviation of the height
distribution.

Sq =\]%1L|(Z(x,y))2|dxdy

Maximum peak height (Sp)
— absolute highest single
points found on the 3D

Sp = max(Z(x,y))
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surface, filtered to eliminate
erroneous peaks.

Maximum valley depth
(Sv) — absolute lowest single
points found on the 3D
surface, filtered to eliminate
erroneous peaks.

Sv = |min(Z(x, y))|

Maximum surface height
(Sz) — defined as the total
surface height based on the
summation of the maximum
peak height and valley depth

Sz=S8Sp+Sv

Skewness (Ssk) —
Represents the asymmetry of
the surface texture based on
a nominal plane, where 0 is
ideal, >0 is dominated by
peaks, and <0 is valleys.

1|1
Ssk = 8 [ZIA(Z(x, )’ dx dy]

Kurtosis (Sku) —
Determines inordinately high
peaks or valleys, where 3.0 is
ideal, >3.0 is peaks, and <3.0
is valleys.

Sk = —[ [] ey ax dy]

Developed interfacial area
ratio (Sdr) — Percentage of
the overall surface area that
contributes to the texture
amplitude and spacing
compared to an ideal plane
across the entire measured
area.

Sdr — lJ’f < 02(x y)> N (622333')

-1 )dxdy

)

Core roughness (Sk) —
defined as the distance
between the highest and
lowest levels of the core
surface height, filtered to
eliminate predominant peaks
and valleys.

Sk* = Sz — Spk — Svk

Arithmetic mean
directional roughness (Ra)
— average deviation from a
mean line based on a
direction such as parallel
(vertical) to the build
direction or perpendicular
(horizontal). Data are filtered

1 Lx
a=—J- |Z(x)| dx
Lx J,
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using < Ac, which removes
form and waviness of the
surface.

Average directional
maximum profile height
(Rz) — average height
difference between highest
peaks and lowest valleys
(using 5 of each) along a
sampling length in a defined
direction (vertical build
direction). Data are filtered
using < Ac, which removes
form and waviness of the
surface.

Rz = max(Z(x)) + |min(Z(x))|

Arithmetic mean
directional waviness (Wa) —
average height of widely
spaced component of the
overall profile along a A~
direction such as parallel _

(vertical) to the build Wa = jo |2(x)| dx
direction or perpendicular
(horizontal). Data are filtered
using < Ac, which removes
form and waviness of the
surface.

*Sk is approximated and detailed procedures to obtain can be found in [256] and [207].

Build Direction Downskin (Inner) Surface

Upskin (Outer) Surface

Figure 4.3. Terminology for sample measurement (example of 20° wall
sample).
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All areal surface measurements are reported according to 1ISO 25178-2:2021
[255,257]. A surface form correction was applied to remove any tilt and curvature
from any residual stress distortion of the samples. The data around the edges of the
measurement was eliminated using an end effect correction. A reference plane was
then established. For the area surface measurements, the primary texture profile was
unfiltered (denoted as primary) using form correction only. To extract roughness
from the areal surface, a Ac spatial frequency cut-off filter of 0.8 mm (i.e., a roughness
filter) was applied per 1SO 4288-1996. A Ac of 2.5 mm was also evaluated but was
too large. Measurement uncertainty was obtained by repeating measurements on a
single sample five times to determine a 95% confidence interval.

When analyzing texture measurements, it is important to consider the end use
application to obtain appropriate results [208]. One potential application of the thin-
wall LP-DED process is the fabrication of heat exchangers with integral channel fluid
flow. These heat exchangers are built with the channels running in the vertical build
direction (Z). Thus, the directional measurements are reported in the vertical build
direction (Figure 4). Five symmetrical vertical lines were placed on the sample image
and measurements averaged to report the waviness and roughness. For the directional
measurements, form correction was also applied along with Ac of 0.8 mm and a As of
2.5 um to eliminate noise at a 300:1 ratio (Ac/ As) per ISO 4228-1996. This allowed
for the segmentation of directional waviness (Wa) and roughness (Ra) effects.
Directional measurements are reported according to ASME B46.1 [207].

The surface samples were imaged using a Hitachi S3000H SEM on the upskin
and downskin. Each sample was then sectioned along the center axis and mounted
and polished according to ASTM E3 using a Presi automatic polisher. The samples
were polished using 0.5 um colloidal silica and optical images obtained. Samples
were then etched using etchant #13 (10% Oxalic Acid, Electrolytic) and optical
imaging completed again. All optical images were obtained using a Keyence VHX
digital microscope. Porosity, thickness, meltpool, and powder particle count
measurements were analyzed using Image J (Version 1.53e). Eight thickness
measurements were obtained normal to each wall (across) and averaged. The distance
between each melt pool (height), perpendicular to wall thickness, was also measured
for each wall and averaged. The low angle samples (<10°) included approximately
12 melt pool measurements and angles >10° were measured with a minimum of eight
melt pools. A 95% confidence interval was calculated and reported for these
measurements. Particle count was determined by examining the number of particles
in two 1 mm? areas and averaging. This was obtained from the SEM image at 50x.

4.4 RESULTS AND DISCUSSION

The measurements were obtained in a sequential order per sample: texture, SEM,
optical images. However, they are presented here per type of measurement with the
aim of providing a comprehensive understanding of the surface texture and associated
geometry.
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4.4.1 SEM Image Analysis

SEM images are shown in Figure 5. Visually, the adhered powder drastically
reduces on the downskin with increasing angle. The opposite is observed with the
upskin whereby more powder adheres to the surface. As the angle of incidence
increases relative to the deposition nozzle, the powder can bond more directly to the
trailing and edges of the melt pool for the upskin. The downskin surface is more
protected as the angle increases. An illustration of the vertical and angled powder
impingement in the samples is shown in Figure 6. Despite the enclosed racetrack
samples, particle impacts are still possible. This is evident from the observations of
ricochets and the recirculation of powder, as previously put into evidence [251].

Downskin

Upskin

VaIIeyZ tmm AT

Figure 4.4. SEM images of the normal surface for upskin and downskin

surfaces (additional images provided in supplemental materials). Scale is the
same for all images.

Powder
Nozzle

Figure 4.5. Example of powder impingement for vertical and angled sample.
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Based on the SEM images, the particle count (per mm?) was determined at two
locations on the surface and averaged. These data sets are shown in Table 4. The
particle count analysis confirms the increase in adherence for the upskin and reduced
powder for the downskin, although no inference should be made from this
observation related to surface texture without proper filtering for roughness. The
increase in angle facilitates a longer particle resonance time due to flow stagnation
from the impingement of the deposition nozzle (Figure 6). Additionally, the smaller
diameter melt pool (< 1 mm) decreases the powder capture efficiency, leaving
approximately 80% of the powder available to adhere to the surface of the solidified
material [120,258]. A depiction of the smaller melt pool (1 mm) is shown in the
supplemental materials. Due to gravity, the powder will move down the surface of
the angled wall and bond to the melt pool as it is cooling as indicated by the increased
particle count.

Table 4.4. Data from SEM and Optical Image Measurements.
Particle Particle Normal .
Angle Count, Count, Wall Melt_ Pool Optlc_al
®) Downskin Upskin Thickness Height POZOS'ty
(Inner) (Outer) (um) (Lm) (%)
0 96 93 1056 +24 253 +8 0.13
5 92 99 1046 +26 252 +17 0.11
10 92 120 1082 +17 259 +14 0.04
15 84 122 1079 £13 259 +10 0.07
20 80 126 1115 +15 269 +16 0.07
25 80 140 1132 +13 272 +10 0.10
30 68 142 1192 +14 287 +14 0.14
35 63 166 1306 +21 308 +13 0.05
40 54 179 1370 £15 336 +12 0.03
45 36 181 1535 +18 361 +18 0.05

4.4.2 Optical Image Analysis

From optical images of the sectioned samples several sets of data were collected.
The porosity was measured for each sample in the polished unetched condition (hon-
heat treated) with the highest porosity being 0.14%, as shown in Table 4. This is
consistent with prior results on vertical 1 mm thick NASA HR-1 specimens [251] and
no trends are apparent based on the angle of the sample. Density was also obtained
using the Archimedes method and is provided in the supplemental materials; there
were no correlations observed on samples based on the wall angle. The wall thickness
was measured for each sample normal to the wall and results provided in Table 4.
Figure 7 shows that, as the angle increases, there is a corresponding increase in the
normal wall thickness. The wall thickness linearly increases of 7% from 0° to 25°
and then increases exponentially from 25° to 45°. The optical images indicate a
transition from partially melted and adhered powder at lower angles to a more random
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surface profile as the angles increase, more so for the downskin surface (Figure 8).
The downskin surface at the high angles shows instances of subsurface unmelted
powder. The partially melted and adhered powder is observed regularly on the upskin
surface with more instances at the higher angles.

Figure 4.6. Wall thickness and melt pool visualized on angled wall samples.
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Valley
\ &

l Pérfially meitéd ah_d
adhered_powdgrf -

Downskin

150 pm

Figure 4.7. Partially melted and adhered powder shown for the upskin surface
and chaotic texturing and subsurface powder shown for the downskin of the
45° wall sample.

The increased wall thickness is due to the material droop on the downskin side
and excess material deposited on the upskin side. The visualized melt pool can be
observed in Figure 7 along the centerline of the sample. The material droop is made
evident by the color change of etched samples and below the nominal melt pool. The
Marangoni forces moves the material outwards in the melt pool and this material is
solidified at the edges causing this chaotic texturing [192,229]. Unmelted subsurface
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powder is also observed below the chaotic texturing (Figure 8). Above 30°, gravity
has an impact, breaking the surface tension and causing the fluid metal to droop below
the nominal melt pool and then solidify. This droop is distinctively different from the
dross phenomenon in L-PBF [248] since the melt pool terminates prior to the
downskin edge of the specimens. The excess material above the nominal melt pool
increases due to the direct impingement of the powder and inert gas and causes the
remelted and deposited material to flow upwards, in addition to outwards [259].

It was observed from the experimental dataset, that the wall thickness could be
normalized when divided by the cosine (o) function, where a is the angle of the
deposited wall. The adjusted wall thickness has been demonstrated to exhibit a high
level of consistency, which is corroborated by the measured thickness data (Figure
9). Based on the observation that the wall thickness can be adjusted with the angle,
this concept was applied to predict the wall thickness based on deposition parameters.
Mazzarisi et al. reviewed and evaluated multiple models to predict wall thickness for
single-beads based on laser power (P) measured in watts (W), powder feed rate (F)
measured in grams/min, and traverse scan speed (V) measured in mm/min [192]. The
validation testing has demonstrated a reasonable correlation with the proposed
models. Kalami et al. discuss the relationship between the build layer height and its
variation based on the angle. However, they do not specifically explore the
relationship between the build layer height and the resulting wall thickness. [97].
With the help of this dataset, these approaches were modified resulting in an equation
to predict the wall thickness (Wt) measured in mm, which reads

%K’ 41

COS X

Wt =

where, Wt = thickness in mm; n = Exponent (0.005); K’ = Proportionality
constant (2.35); and a = angle of wall in degrees. The exponent and constant were
fitted using the experimental data. The model shows a good correlation with the
measured thickness and peak error of 3.5% for the current set of NASA HR-1
samples.
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Figure 4.8. Measured and adjusted wall thickness of the angled samples.

The melt pool can be distinguished in the etched optical images and was
measured perpendicular to the wall and along the centerline. The vertical distance
between the visible melt pools was obtained and averaged. Based on thickness of the
sample at 0° and prior research of the NASA HR-1 melt pool with identical
parameters [251], a size can be assumed and overlayed for each sample in Figure 7.
From this, the number of layers penetrated with subsequent deposition layers can be
determined. An average of four deposited layers were subjected to remelting with
each subsequent pass when the angles were less than 25°. When the angles exceeded
25°, three layers were remelted. The perpendicular melt pool height is shown in
Figure 10. The melt pool height was adjusted using the cosine function and shown in
the graph. The measurements indicate that as the distance of the melt pool is increased
when measured vertically. However, the adjusted step over used to create the desired
angle, along with the fixed Z-height of 0.254 mm, demonstrates highly repeatable
motion control, a stable melt pool, and a satisfactory solidification process. The
adjusted angle wall thickness (Figure 9) also indicated a consistent melt pool. These
findings establish the melt pool's robust stability, ruling out arbitrary material
deposition related to height or thickness. The adjusted data sets confirm that the
downskin droop and upskin excess material are not related to an unstable melt pool,
but rather to gravity effects.
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Figure 4.9. Perpendicular melt pool height and adjusted height of the angled
samples.

4.4.3 Surface Texture Characterization

4.43.1 Surface Texture with Primary Filter

The initial areal surface texture was measured and evaluated using a form
correction factor only. This allowed to analyze the full profile in terms of waviness
and roughness. The Sa is shown in Figure 11a: the inner and outer surfaces of the
vertical wall (0°) feature a similar average surface texture. The average areal surface
texture of the inner surface is slightly higher than the external surface consistent with
prior measurements [251]. This is due to the enclosed racetrack walls allowing for
powder rebounds and recirculation causing excess adherence. A minor change in the
wall inclination of 5° results in a reduced amount of powder adhering to the downskin
(inner surface) as it angles away from the deposition nozzle. The average texture of
the outer surface increases with the direct impact of the powder from the deposition
nozzle. The upskin texture is driven by roughness from the powder but also by
variations in the solidification of the melt pool, and it continues to increase linearly
up to an angle of 35°, stays near level and then a slight drop occurs at 45°. The
downskin texture shows no appreciable differences up to an angle of 30°, while for
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larger angles it increases exponentially. This indicates that particle adhesion alone
cannot be used to determine texture and that other mechanisms cause this drastic
change. The observed downskin texture varies with the angle and aligns with the
thickness data and occurrence of material droop.

The maximum height of the surface (Sz) in Figure 11b shows that the upskin
surface texture decreases with increasing angles. Greater powder adherence is
observed, but several particles have the capability to fill in the valleys, thereby
contributing to a decrease in the observed effect. This is corroborated by the
observation that the maximum peak height (Sp) decreases, while the maximum valley
depth (Sv) remains constant. The downskin suggests a general increase of maximum
height, where peaks dominate the surface texture. In order characterize this attribute,
the skewness and kurtosis parameters were evaluated and are shown in Figure 11c
and Figure 11d, respectively. The skewness (Figure 11c) is plotted with the normal
wall thickness to identify abnormalities related to symmetry. The plot therefore
reveals that the upskin is symmetric about the plane, whereby peaks and valleys are
randomly distributed. Up to an angle of 30°, the inner surface is symmetric. Beyond
this angle, a predominance of peaks becomes evident, which is coherent with the
drastic changes observed in the wall thickness. The powder count analysis
demonstrates that powder is less adherent in this case, therefore the asymmetrical
peaks are governed by the droop of the material.

Figure 11d allows to evaluate the kurtosis for excessively high peaks or
valleys. A similar trend is observed in the Sz data of the upskin surface, which
demonstrates a general decrease in the number of peaks as the angle increases. The
downskin surface shows again a general increase of excessively high peaks with the
increase in angle.
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Figure 4.10. Primary texture of areal surface: a) Sa, average surface texture;
b) Sz, Sp, Sv, peak and valley height of surface; c) Ssk, skewness; and d) Sku,
Kurtosis.

4432 Areal Roughness and Particle Count

The surface texture and filtered roughness are further examined in relation to the
adherence of the powder to determine the factors contributing to the formation of the
observed texture. Using no profile filter (i.e., primary), the texture of the upskin
linearly increases with increasing particle count (Figure 12a). This could indicate that
powder adherence is dominant for the upskin roughness but cannot be determined
conclusively without proper filtering. Figure 12a also shows that the texture of the
downskin surface initially decreases with reduced particle count. Starting at 30°, the
surface texture linearly increases up to 40° and at 45° rises even more steeply. This
indicates that the texture of the downskin surface is related to the powder adherence
based on particle count.
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The roughness filter, see section 2.4, was applied to the areal surface and plotted
as a function of the particle count in Figure 12b. The roughness (less than 0.8 mm
wavelength) shows a clear trend for the downskin surface: the average roughness
decreases with decreasing powder adherence, and this is also evident in the SEM
images. The upskin surface exhibits a similar trend but only up to 20°. Beyond 20°
the average roughness is constant, and it is much lower at 45°. Above 20°, the
particles continue to bond to the trailing edge of the melt pool as it cools but valley
voids are filled. The optical images reveal that the texture extends to a depth of two
powder particles, indicating that the excess particles are effectively filling in the
valleys of the surface. The core roughness (Sk), whereby the predominant peaks and
valleys were removed [256], was also evaluated, and its trend is identical to that of
the Sa with the roughness filter. The Sk values ranges from 38 £0.2 um to 51 0.2
pm for the downskin surfaces and from 50 to 58 0.2 um for the upskin surfaces. The
filtered Sdr was also assessed, because it determines the overall contribution to the
texture amplitude (shown in supplementary materials). The trends are identical to
those obtained for the Sa and the Sk: the roughness is proportional to the particle
count for the downskin surfaces and it reaches a maximum at 20° for the upskin
surfaces.

This roughness comparison displayed in Figure 12 put into evidence the
significance of using appropriate filtering techniques. Significantly different
conclusions could be drawn about the mechanism for the texture without properly
evaluating all filtering options [260].
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Figure 4.11. Roughness compared to particle count from SEM. a) Primary
filter and, b) Roughness filter.

4.43.3 Vertical Directional Roughness and Waviness
To better characterize roughness (Ra) and waviness (Wa) in the vertical build

direction, the data set was filtered as discussed in section 2.4 and a comparison is
shown in Figure 13a. The directional average roughness for the upskin is higher than
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that of the downskin and driven by the direct particle impact with the melt pool. In
contrast to the Sa values (Figure 12), the upskin Ra does not indicate a reliance upon
the angle and roughness values are similar at all angles. The upskin Wa does increase
at angles above 30° due to chaotic disturbances in the melt pool creating the texture.
It can be hypothesized that the increased melt pool disturbance can reduce the
presence of partially assimilated surface particles [204]. This is observed in the
maximum height roughness (Rz) in Figure 13b, which is driven by the particle count
above 25°, and also the waviness portion of the surface texture.

The downskin surface indicates similar directional roughness and waviness
at angles 0° to 30°. A linear increase in waviness and decrease of roughness is
observed starting at 35°. Literature often suggests that the stair-stepping effect due to
the build layers creates periodic waviness [116,239], but this is not observed in these
samples with a layer thickness of 254 pum. The waviness is driven by chaotic
irregularities from the melt pool on the surface due to the gravity slump, or material
droop. The directional Ra was also compared with the particle count and showed
identical trends to the areal Sa. The maximum height roughness (Rz) is depicted in
Figure 13b and shows similar trends to Ra with the peak of 114 um, which is the
upper limit of the PSD for the powder. The Rz peak height of the upskin surface is
constant up to the higher values of the angles, where the powder fills in valley voids
and thus Rz decreases.

Prior literature documented that Rz can be approximated by the upper PSD of
the powder for L-PBF [147,261]. The experimental data suggest that, for LP-DED,
the Rz peak can be approximated by using the maximum PSD. In the downskin
surface, there is a decrease in Rz where the surface is shielded from the direct
impingement of larger particles. However, the rebounds and recirculation of particles
are driven by the smaller and medium-sized particles (ranging from 55 to 95 um) due
to their mass and velocity differences. The 115 um diameter particle has 83% larger
mass than the 85 um particle, where the difference between the 55 and 115 pum is
337%. The velocity in the powder injection has been shown to vary based on mass
and surface area of particles as well as nozzle focal plane, thus the likelihood of
rebounds and recirculation is higher with the smaller particles. [220,262]. SEM
images confirmed that the size of the particles adhered to the downskin 40° and 45°
walls is less than 90 um.

Chapter 4—84



Chapter 4

T T

T T T T T
A e e Downskin || B *20°

/ N b

f k +  Upskin *10°
= \‘\ P ‘3 — 1or el *30°
] \ / h ] 50 5o 350
216 AN $45° \\ 4 =2 o0 *5 *15° #25

\ | AN e T 3500
£ A\ \\ | 300\ b .l 35040
) A\ Y | 40°430" 2 20708 50
£ \ » \ \ fn 15
h; 14 Downskin \ Upskin N ¥ ook i
-4 \ (=ucs) \ | (Outer) "2
= \@40° \ | L - -
= \ A\ | £ 825
2 \ i i 5 o5 5 a
£ \‘ a o0 f z 5 ®33
g 12 \ 35 15".‘ s
a .\\ o - | #45°
g L *30° N o5 wpldll BT _
= mskin + 02 3 o)l T o= -
= Ra 1:30“[;,4\.” SLEN 025 L| \ oo /] = e  Downskin+2.8

10 |- Ra Upskin+ 0.3 N 0% / * Upskin+ 1.8
Wa Downskin 402 ™ TN 85 - pskin = 1.
Wa Upskin = 0.3 . 95/ ~ 0450 ®40°
L L Il o e 1 L L 1 L 1 L
12 13 14 15 16 17 40 60 80 100 120 140 160 180

Mean Directional Roughness, Ra [um] Particle Count per mm’

Figure 4.12. a) Directional vertical roughness and waviness. The shaded blue
region indicates the downskin surface and shaded red the upskin surface. b)
Maximum height (Rz) and particle count.

The relationship between waviness and wall thickness is shown in Figure 14.
The waviness is higher on the upskin for most of the angles, although differences are
minor at angles below 30°. There is A clear trend of waviness increasing with the
wall thickness can be observed and it is due to the surface irregularities from material
droop on the downskin. The upskin waviness is driven by the excess material
deposition above the nominal melt pool. This results from direct impingement of the
particles and remelted material flowing upwards and outward breaking the surface
tension [263,264]. This phenomenon has been evaluated in single bead LP-DED
walls [265], but this study has demonstrated that it is amplified in the angled walls.
Prior studies concluded that waviness was caused by the layer thickness [190,233].
This work has proven that the waviness is an order of magnitude lower that Lu et al
and Shim et al and uncorrelated to the layer thickness.
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45 CONCLUSIONS

It was shown that the LP-DED process can produce low porosity (<0.14%)
angled walls with target thickness of 1 mm and with an inclination angle of up to 45°
using the NASA HR-1 (Fe-Ni-Cr) alloy. The geometric aspects of the samples
including wall thickness, melt pool, and surface texture were evaluated. The surface
texture was filtered to properly segment the waviness and roughness parameters to
determine their contribution and the causing process mechanisms. From the
experimental observations, optical micrographs, SEM images, and optical surface
texture measurements, the following conclusions are drawn:

e Walls featuring angles of up to 30° are stable, but angles above that
threshold pose higher risks of a build failure. In such cases, it may be
necessary to incorporate adjacent wall stiffening to ensure structural
integrity.

e The primary areal surface texture (Sa) exhibits an increase with the rise in
wall angle, which can be attributed to surface irregularities arising from the
melt pool and material droop. Peaks are dominant for the downskin surface
with the increasing angle and reduced for the upskin.
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e The waviness and subsequent wall thickness increases with the increased
wall angle due to the chaotic surface irregularities from material droop on
the downskin. The upskin waviness is driven by the excess material
deposition above the nominal melt pool. This is due to direct impingement
of the particles and remelted material flowing upwards and outwards.

e Proper filtering of the texture measurements is required to segregate
roughness and waviness. Differing conclusions could be drawn about the
mechanisms leading to texture if proper filtering is not considered. The Ac
of 0.8 mm was an appropriate cut-off filter to extract directional roughness
and waviness for these thin-wall samples.

e As the angle increases, the filtered average areal and directional surface
roughness (Sa, Ra) of the downskin surface significantly decreases. This
reduction can be attributed to a decrease in the number of adhered particles
on the surface. This trend contradicts the observations documented in the
literature regarding surfaces manufactured with the L-PBF process.

e The upskin surface exhibits an increase in average areal (Sa) with an
increase in particle count. The roughness crests at 20° and remains constant
until the adhered powder filled in voids, resulting in a reduction in roughness
at higher build angles.

o The wall thickness increases exponentially with the angle, reaching an
inflection point at 30° where the thickness starts to significantly increase due
to melt pool droop. A correlation for the estimation of the wall thickness
was developed using the data related to the samples made of NASA HR-1
alloy.

e The results obtained from single-pass angled walls indicate that, for LP-
DED, the directional maximum profile height (Rz) can be estimated using
the maximum particle size distribution. Only particles with size less than 85
pum adhere to the downskin surface at angles above 35° due to higher
rebounds and recirculation.

e  The stair stepping typically observed in the LP-DED was not detected with
a layer height of 0.254 mm and remelting of 4-5 previously deposited layers.

The complex geometry of a part being fabricated inherently alters surface texture
due to varied angles. This change is influenced by the build parameters and resulting
melt pool. Thickness variation and powder adherence for upskin and downskin follow
comparable trends based on wall angle, driven by process mechanisms. Surface
texture, encompassing roughness and waviness, varies with alloy, parameters, and
resulting LP-DED melt pool. Designers must adhere to geometry guidelines and
characterize surface texture, which can impact fatigue life, corrosion, heat transfer,
and fluid flow performance. Previous views on LP-DED mandated post-machining,
but experiments show properly designed LP-DED can approach L-PBF surface
finishes. LP-DED manufacturing holds potential for aerospace, power generation,
and industrial heat exchangers.
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Chapter 5

Development and
Characterization of
Microchannels

This chapter was partially published in:

Gradl, P., Cervone, A., Colonna, P., 2022. Integral Channel Nozzles and Heat
Exchangers using Additive Manufacturing Directed Energy Deposition NASA HR-1
Alloy. 73rd International Astronautical Congress. Paris, France, IAC-
22,C4,2,x73690.

5.1 ABSTRACT

This chapter focuses on the process development and characterization of
microchannels made from the NASA HR-1 alloy. In Chapters 3 and 4, samples with
1 mm walls were produced and characterized, establishing a baseline for the
microchannel fabrication. Microchannels of varying internal width/height
dimensions (12.7, 10.16, 7.62, 5.08, and 2.54 mm) were successfully deposited down
to 2.54 mm without powder entrapment, and 1 mm wall thickness was achieved with
high reproducibility. Optical microscopy, scanning electron microscopy, and optical
surface texture measurements were employed to destructively section and
characterize these channels. The analysis included determining cross-sectional area,
surface texture, wall and rib thickness, and the repeatability of these measurements.
The study revealed that the areal surface roughness is significantly influenced by the
size of the powder feedstock used in microchannel deposition, consistent with
Chapter 3 results. While the as-built cross-sectional area exhibited high repeatability,
the area was consistently smaller than the as-designed nominal area due to powder
adherence and melt pool undulations, as discussed in Chapter 4.

5.2 INTRODUCTION

For effective utilization of LP DED in heat exchanger manufacturing, it is
imperative to demonstrate and characterize various aspects of the geometry. Chapters
3 and 4 have discussed the fabrication and characterization of thin-wall geometry
samples, establishing a baseline for demonstrating microchannels. To illustrate
microchannels and, ultimately, heat exchangers, multiple geometric attributes must
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undergo evaluation. These include angles, manufacturing tolerances, wall
thicknesses, internal features, and surface texture (refer to Figure 5.1).
Characterization of these various aspects is critical for using LP-DED for heat
exchangers manufacturing as the heat transfer and associated pressure drop can be
tuned to meet the optimal design requirements.

Manufacturing
Tolerances

v A

Features (holes, Part Wall
channels, etc) Geometry Thicknesses

Angles

Surface
Texture

Figure 5.1. Aspects affecting the LP-DED process that need to be studied to
characterize overall geometry limitations inherent in the manufacturing
technique.

While the main emphasis of this dissertation is on microchannel geometry, it
recognizes that achieving the final quality of a component involves characterizing its
microstructure and resulting mechanical and thermophysical properties. The entirety
of the Design for Additive Manufacturing (DfAM) lifecycle is defined by factors such
as process inputs and parameters, geometry limitations, microstructure, and material
properties, as well as considerations for post-processing, part validation, and
application. The application of DfAM best practices is crucial for ensuring successful
builds and commissioning parts into service [62]. The LP-DED process was
originally designed for applications unrelated to microchannel heat exchangers.
Consequently, developmental lessons needed to be gleaned to adapt this process for
integral microchannel heat exchangers.

5.3 CHANNEL PROCESS DEVELOPMENT AND
CHARACTERIZATION

5.3.1 Microchannel Deposition

The microchannel samples of NASA HR-1 were deposited using an RPM
Innovations (RPMI) 557 LP-DED machine equipped with an argon-inert build
chamber. This system is identical to the one discussed in Chapters 3 and 4, featuring
an infrared (IR) continuous wave Gaussian profile 3 kW IPG laser, a deposition head
with three coaxial nozzles, 5-axis motion control, and a disc powder feeder with
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agitation capabilities. Deposition parameters remained consistent with those detailed
in Table 4. The powder was rotary atomized by Homogenized Metals Inc. (HMI).
The coarse powder had a particle size distribution (PSD) of 55-105 um and mean
PSD of 72 um as measured using a Microtrac (Ver 11.1.0.6). The fine powder has a
PSD of 10-45 um and chemistry shown in Table 6. The chemistry was measured
using Inductively Coupled Plasma (ICP) at HMI. The chemical composition of coarse
is also provided in Table 6 .

The coarse powder exhibited an oxygen content of 75 ppm and a nitrogen content
of 6 ppm, while the fine powder had an oxygen content of 143 ppm and a nitrogen
content of 15 ppm. It is typical that finer powder has elevated oxygen content due to
the increased surface area [266]. It is important to note that all powder chemistry
adhered to the specifications for the NASA HR-1 alloy [201,205]. Virgin powder was
used for all builds.

Table 5.1. Chemical composition of NASA HR-1 alloy powder.

PSD / Fe Ni Cr Co | Mo Ti Al Vv w
Lot ID

Coarse,

HRAS Wt% | Bal. | 33.87 | 14.86 | 3.80 | 1.84 | 2.36 | 0.23 | 0.30 | 1.60
Fine, 0

HRA15 Wt% | Bal. | 34.24 | 14.78 | 3.75 | 1.84 | 241 | 0.23 | 0.30 | 1.61

5.3.2 Channel Geometry

To evaluate the range of microchannel geometries that could be produced, the
LP-DED process was tested on various channel shapes. These included tube-like
structures, both round and oval, which are more representative of traditional tube-
wall rocket nozzles (Figure 5.2). These types of channels offer an advantage in terms
of heat transfer as they help cool the rib or land regions [184]. More traditional square
and rectangular channels were also built. Finally, Hybrid D-shaped channels were
deposited allowing for increased cooling of the ribs and a smooth coldwall for easier
secondary processing or fabrication such as a composite overwrap structural jacket
[267]. All channels were built with a targeted 1 mm wall thickness using a single-
bead deposition strategy as shown in Figure 5.3. The graphic shows the order of the
channels being built. This process starts with the inner wall (1) and outer wall (2)
being deposited first (indicated in yellow). This is followed by deposition of the
channel ribs in alternating directions as indicated by numbers 3 — 9 (orange and red)
in Figure 5.3.

Channels with widths as small as 1.4 mm were successfully demonstrated,;
however, these narrower channels frequently experienced powder packing, making
post-processing difficult. The samples were deposited without openings at the
interface with the build plate, preventing free powder flow. Later samples, deposited
with a width of 2.54 mm and incorporating powder outlets at the build plate interface,
did not encounter issues with packed or trapped powder. This highlights the
importance of including openings in the channels to ensure powder flow. Various
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channel geometries deposited using coarse powder (55-105 um) are shown in Figure
5.2.

Figure 5.2. Various types of small channels built with LP-DED 45 — 105 um
powder. From top to bottom: Oval, D-shaped, Rectangular, Round (tube-like).
Wall thickness is approximately 1 mm.

Figure 5.3. Tool path strategy and general order of operations to build single
wall microchannels. A) An example of a larger channel (12.7 mm). B) The
inner wall and outer walls are first deposited in a layer (yellow) followed by the
ribs of the channels as shown in the sequence (orange, red).

The design of heat exchangers made of channels obtained with this technique
requires the understanding of various manufacturing characteristics, including the
expected flow area and surface texture. Therefore, a study was conducted that focused
on square channels of different sizes to determine the repeatability of the process, the
differences from the design nominal, and the resulting surface texture. Five sets of
square channels were produced with internal widths of 12.7, 10.2, 7.62, 5.08, and
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2.54 mm. These samples were all built in the vertical build orientation (representative
of the same build approach for a heat exchanger) and included powder outlets at the
bottom of the channels as shown in Figure 5.4. Two sets of samples for each channel
size were deposited, using coarse powder (45 — 105 um) and fine powder (10 — 45
pum). The fine powder square channels of different sizes are shown in Figure 5.4 and
coarse powder channels using the same toolpaths are shown in Figure 5.5. The
samples were all deposited successfully and did not experience any packed or trapped
powder. The same machine toolpath was used for each of the coarse and fine powder
samples.

~ Powder Outlets

E
|
i ;

Build Direction

Figure 5.4. Various sized channel samples shown with fine powder and powder
exits. Build direction shown with arrow.

5.3.3 Characterization Methods

The channel samples underwent sectioning for SEM, optical microscopy, and
surface texture analysis, as illustrated in Figure 5.5. These samples were sectioned
perpendicular to the build direction, approximately 6 mm from the top of the build.
Subsequently, they were mounted in epoxy and polished according to ASTM E3
using a Presi automatic polisher. The samples were polished using 0.5 um colloidal
silica and optical images were acquired using a Keyence VHX digital microscope.
The images were analyzed using ImageJ to determine the area and perimeter of each
channel [268]. Additionally, extra samples were sectioned from the channels and cut
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along the axis parallel to the build direction for SEM using a Hitachi S3000H and
surface texture imaging.

Surface texture measurements were obtained using a non-contact Keyence VR-
5200 pattern light projection profilometer, equipped with three telecentric lenses
offering 80x magnification capability and a 20% overlap. Areal surface
measurements were obtained along with directional legacy measurements. All areal
surface measurements were reported in accordance with ISO 25178-2:2021
standards. In the case of areal surface measurements, the primary texture profile was
unfiltered and denoted as "primary,"” utilizing form correction only. Measurements
were taken both on the external surface and internally within the channels. All
characterization techniques are identical to those described in Chapter 3, 4, and 6.
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Figure 5.5. Sectioning plan for microchannel samples (coarse powder samples
shown).
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5.4 MICROCHANNEL CROSS-SECTIONAL AREA
AND PERIMETER

In this study, the cross-sectional area and comparisons between channels of the
same size, derived from the same set of samples, were analyzed and demonstrated to
be highly reproducible (Figure 5.6). For each sample size (12.7, 10.16, 7.62, 5.08,
2.54 mm), three microchannels were measured. The results indicate an approximately
1% difference between channels of the same size. The only outlier in this data is the
2.54 mm fine powder channel, exhibiting a 2.7% difference between channels. Some
of this error can be attributed to a single (end) channel with additional stock added to
the outer radius, as later shown in Figure 5.11. While variations from the designed
nominal to as-built channels are noticeable, the reproducibility data underscores that,
with established parameters and feedstock, consistent microchannels can be reliably
produced.
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12.7 mm 10.16 mm 7.62 mm 5.08 mm 2.54 mm

Channel Sample

Figure 5.6. Reproducibility results of channel cross-sectional area for each of
the channel samples.

The difference of the measured area from the as-designed area is plotted in
Figure 5.7, which also shows the effect of manufacturing with a coarse and fine
powder PSD. It can be observed that the measured area is always smaller than the
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specified area and that the deviation generally increases as the channel size decreases.
However, as further explained, this reduction in area appears larger with the smaller
channels but is exacerbated due to the relative area of the surface texture in
comparison to the overall channel area. One cause of the resulting smaller dimensions
of the channels is the slight shrinkage occurring during the deposition process as the
samples cool. However, the main cause is the adhered powder and melt pool
undulations on the surface.

The channels fabricated with fine powder consistently show a larger area (less
difference from designed area) compared to identical channel samples fabricated with
coarse powder. However, there appears to be more variation in the fine powder
samples as the trends is not consistent with decreasing channel size. The samples
produced with fine powder demonstrated more variation in texture and waviness
when produced with varying parameters in section 3.4.3. This may be attributing to
some of the differences observed in the 5.08 mm sample, but the exact reason is not
known.

-11 T T T T T T r T T T

5.08 m‘% =N
7.62 mm
10.‘2'mm

s o, “. e sy v 4

12.7 mm

[P

Difference from Designed Area, %

12.7mm 10.16 mm 7.62mm 5.08 mm 2.54 mm
Channel Sample

Figure 5.7. Difference of cross-sectional area (compared to as-designed area)
for each channel sample.

Chapter 5—95



Chapter 5

The observed variation in the cross-sectional area of the LP-DED channels,
attributed to powder adherence, melt pool undulations, and process shrinkage, affects
the ability to design precisely to a nominal area. The experimental data suggests that
an adjusted cross-section can be approximated by using 96% of the designed area to
account for these effects. This adjustment, which includes the 4% additional material
from these factors, is illustrated in Figure 5.8A for channels of varying widths. Figure
5.8B shows the absolute error for the adjusted areas, combined with data from the
square microchannel samples in Chapters 6 and 7. A smaller cross-sectional area is
observed with decreasing channel width, as surface texture contributes a larger
percentage of the overall area, consistent with the trend shown in Figure 5.7. The
absolute error across all channel samples is less than 5%.
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Figure 5.8. Adjusted cross-sectional channel areas. A) Measured and adjusted
areas for coarse and fine powder samples along with as-designed nominal area,
b) Absolute error from adjustments including data from microchannel samples

in Chapters 6 and 7.

The perimeter of each channel was measured on each sample and is depicted
in Figure 5.9. The as-designed channel perimeter assumes a flat surface, but the
perimeter of the as-built channels is up to 32% higher, which includes data from the
channels characterized in Chapters 6 and 7. This increased perimeter is consistently
attributed to the adhered powder and melt pool undulations causing the resulting
texture. The perimeter from each channel fabricated with fine powder exhibits less
error compared to the identical channels built with coarse powder. However, the
perimeter is still higher by more than 16% for each channel size. While the fine
powder channels consistently have a lower perimeter, the reduction is limited to 3%
for the smaller channels (5.08 and 2.54 mm).
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Figure 5.9. A) Measured perimeter for coarse and fine powder samples
compared to the as-designed perimeter B) Differences between measured and
designed perimeters along with microchannel samples in Chapter 6 and 7.

5.5 SURFACE TEXTURE

Due to the importance of surface texture from the component and system
perspective, the surface texture of channels is critical for heat exchanger design. The
study in Chapter 3 evaluated the surface texture of the LP-DED process using 1 mm
thin-wall NASA HR-1 alloy oval racetracks while varying the build parameters [251].
Using fine powder reduced the roughness by 23% compared to coarse powder. There
was also a discernible difference in surface texture between the inner surface
(trapping additional powder) and the outer (external) surface. This distinction was
due to the enclosed volume trapping excess powder that recirculated into the melt
pool as it solidified. It's important to note that while the samples in Chapters 4 and 5
were thin-walled, the spacing between walls was about 25 mm, where heat exchanger
designs with microchannels would be less than 10 mm.

The primary average areal surface texture, Sa, was measured for each sample on
both the inner (internal) and outer (external) surfaces. Sa was chosen to provide a
general comparison of these samples, as it is a commonly used parameter for
characterizing roughness in AM components due to the complexity of the surface
[227]. The Sa data is plotted for the coarse (45 — 105 pum) and fine (15 — 45 um)
powders in Figure 5.10. The samples built with coarse powder consistently exhibit a
higher Sa compared to the fine powder samples for each channel size. This increased
texture is consistent with the data sets in Chapters 3 and 4, but to a higher degree
(45% compared to 23%). The surface roughness across the various sizes of channels
is roughly constant for the same powder size, except for the 2.54 mm channel. The
2.54 mm coarse powder channel shows an increase with respect to the other channels
that averages 17%, while the fine powder 2.54 mm channel increase averages 10%.

The difference between the inner and outer surfaces is minor but shows a slightly
higher average texture on the outer surface. For the fine powder, the average
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difference is about 6% when comparing inner and outer surfaces. This finding is in
contrast to what was demonstrated in the oval racetracks shown in Chapter 3 [251].
The channel samples in the current study have an outlet designed at the bottom of
each channel (Figure 5.5). This design allows the powder to fully exit and prevents
recirculation internally within the channel. The central gas used for inert purge of the
deposition and carrier gas for the powder travels through the internal channel at a
high velocity, allowing excess powder to flow through the channel instead of
stagnating, compared to the samples in Chapter 3 [251]. One observation during the
build process with the fine powder was that a portion of it remained suspended in the
machine atmosphere. This is likely the finer particle on the lower end of the PSD.
This phenomenon may introduce additional particles onto the outer surface,
influencing the overall surface roughness.
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Figure 5.10. Average surface texture (Sa) of various sized channel samples.

The difference in texture is also visually apparent from the cross-sectional
micrographs presented in Figure 5.11. The coarse powder samples exhibit visual
distinctions, particularly noticeable at lower magnifications for the 5.08- and 2.54-
mm samples. The wall thickness is also observable in the cross sections, with slight
thinning as the center rib approaches the outer walls. Slightly raised areas on the outer
surfaces, where the ribs tie into the inner and outer walls during deposition, are more
pronounced on the fine powder samples. The raised region on the 2.54 mm channel
using fine powder averages 118 um, whereas with coarse powder, it averages 35 um.
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This raised region is not a significant concern for heat exchangers, given its parallel
orientation to the direction of fluid flow (assuming a vertical build orientation).
Additionally, this region may be removed or reduced during post-processing
operations.

Coarse Powder (45 — 105 um) Fine Powder (15 — 45 um)

12.7 mm

10.16 mm

7.62 mm

5.08 mm

2.54 mm

Build Direction @

Figure 5.11. Optical micrographs of selected channel samples showing fine and
coarse powder for each channel size.

The SEM images are presented in Figure 5.12 for each internal channel
sample with coarse and fine powder. Each image is at the same magnification, and
the adhered particles per unit area are similar for each-sized sample built with the
coarse and fine powder, respectively. The differences in particle sizes are evident
between coarse and fine particles. The coarse particles are around the mean
distribution of the PSD, approximately 65-75 um in diameter. Many of the fine
particles are biased toward the upper end of the PSD at 30-35 pum in diameter, but
several particles sized 10 pm and below are adhered to the channel surfaces. The
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samples fabricated with fine powder also show some bands of powder, indicating
some macro waviness, while the coarse powder exhibits a more randomly distributed
pattern.

Coarse Powder (45 — 105 um)

Fine Powder (15 — 45 um)
R s :

7.62 mm 10.16 mm 12.7 mm
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5.08 mm

2.54 mm

ey

Figure 5.12. SEM Images of Internal Channels at the bottom of the channels.
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5.6 WALL THICKNESS

Wall thickness is an important characteristic in heat exchanger design as it
impacts heat transfer and the peak temperatures experienced by the walls during
operation. The wall thickness must be thin enough for proper cooling but provide
adequate thickness to maintain positive structural margins for strength and fatigue
life. The rib thickness between the channels is also significant as it influences the
cooling of the hotwall (for combustion chambers and nozzles) through conduction.
Consistently maintaining a wall thickness of 1.05 to 1.165 mm was achieved for both
the fine and coarse powder samples, which aligns with the findings of the prior study
in Chapter 3 [251]. Summary data sets that measured both the rib thickness and the
outer wall (i.e. simulated hotwall) thickness of the various width channel samples is
shown in Figure 5.13. Three measurements were collected from each channel rib and
outer wall in the cross-sectioned sample and the data was averaged and standard
deviation provided in the graph. The measurements were taken in the areas where the
wall is constant without the thinning (as shown in Figure 5.11).

It is observed that the coarse powder samples are slightly thicker by about 2.6%,
driven by the larger particle size distribution (PSD) of the powder causing this
difference. There is also a difference observed between the outer wall thickness of
coarse and fine powder samples, approximately 3.8%. Another observation from this
study is the slight difference between the rib wall thickness and outer wall thickness,
averaging 2.5% and 3.7% for coarse and fine powder, respectively. This difference
in wall thickness is due to slightly different build parameters. The outer wall is
deposited at a constant travel speed, while the rib wall is deposited at a varying travel
speed to ensure that the intersection with the outer wall is not overbuilt (acceleration
and deceleration leading into the intersection). The thickness was expected to be
constant between channels since the build parameters do not change based on the
channel size. However, the differences in rib and outer wall thickness, as well as
differences between coarse and fine powder samples, are not statistically significant
based on a t-test comparison.
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Figure 5.13. Summary of rib and outer wall thickness for channel samples.

5.7 SUMMARY AND CONCLUSIONS

The results presented in this chapter built upon the lessons learned in Chapters 3
and 4 to produce heat exchanger channel geometries. Various types of channel
geometries were successfully deposited using the LP-DED process and the NASA
HR-1 alloy (Fe-Ni-Cr). These geometries included round, oval, square and D-shaped.
These channels provide new design opportunities for designers compared to round
tubes or square channels for traditionally manufactured tube-wall or channel wall
nozzles. Several square channel sizes were successfully deposited with highly
reproducible width down to 2.54 mm. Smaller width channels were also fabricated
successfully, but could result in higher risk for excess powder being trapped within.
The following conclusions can be drawn based on detailed characterization of various
square channels.

e Repeatable fabrication of microchannels is achievable using established
parameters and feedstock. Results indicate a 1% average difference between
channels of identical sizes, with a portion of this variation attributed to a
singular end channel where additional stock was introduced to the outer
radius.

Chapter 5—102



Chapter 5

e  Cross-sectional channel areas, when measured, consistently deviate from the
designed areas, with greater disparities observed as channel size decreases.
The variation primarily arises from excess powder adhering to the internal
surface, contributing to surface texture, along with shrinkage from
deposition. An adjusted area, accounting for the build process's shrinkage,
additional texture from powder adherence and melt pool undulations, and
heat treatment-induced shrinkage, can be determined by taking 96% of the
as-designed area.

e  The as-built perimeter of channels exhibits up to a 32% increase for coarse
powder and as low as 16% for fine powder, attributed to the partial melting
and adherence of powder particles.

e Coarse powder samples consistently have a higher measured average
surface texture (Sa) than fine powder samples across all channel sizes,
exhibiting a more pronounced increase compared to the study in Chapter 3
(45% vs. 23%). Specifically, the 2.54 mm coarse powder microchannel
shows an average increase of 17%, surpassing the fine powder channel's
average of 10%.

e The difference in surface texture between inner and outer surfaces is minor,
with the outer surface exhibiting a slightly higher average texture.
Specifically, for fine powder, the average difference is approximately 6%
when comparing inner and outer surfaces. This finding contrasts with the
observations in oval racetracks presented in Chapter 3. Notably, the channel
samples in the current study feature an outlet designed at the bottom of each
channel, facilitating the complete exit of powder and preventing internal
recirculation.

e  Wall thickness, ranging from 1.05 to 1.165 mm, remains highly reproducible
with minimal variations observed between powder sizes, internal channel
rib, and outer wall. Although these differences are not statistically
significant, the data aligns with findings in Chapters 3 and 4, demonstrating
consistency in wall thickness even with the fabrication of these small
microchannels.

While this study focused exclusively on square channels, it highlights crucial
aspects in the development of novel processes for constructing heat exchangers.
Future research opportunities lie in conducting additional studies to characterize
various channel geometries, including round, oval, and D-shape configurations.
Additional materials could also be evaluated to provide more design solutions for
various heat exchanger applications.
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Chapter 6

Post-process Surface
Enhancement and
Characterization

Major portions of this chapter were published in:

Gradl, P., Cervone, A., Colonna, P., 2024. Development and experimental evaluation
of surface enhancement methods for laser powder directed energy deposition
microchannels for laser powder directed energy deposition microchannels, Virtual
Phys. Prototyp. 19:1. e2345389. https://doi.org/10.1080/17452759.2024.2345389.

6.1 ABSTRACT

This chapter focuses on the development and characterization of surface
enhancement methods for microchannels created via the LP-DED process. Various
surface finishing techniques, such as abrasive flow machining, chemical milling,
chemical-mechanical polishing, electrochemical machining, and thermal energy
method were applied to modify the internal surfaces of microchannels made of NASA
HR-1 Fe-Ni-Cr alloy. Flow testing to measure the discharge coefficient was
performed on microchannel samples whose internal surfaces were processed using
the mentioned techniques. After the testing, each sample was characterized using
optical microscopy, Scanning Electron Microscopy (SEM), and Computed
Tomography. Variations in the surfaces resulted from the powder adherence, melt
pool undulations, and polishing mechanisms. The results indicated that removing an
average of 70 um of material, equivalent to the mean powder diameter, is essential to
reduce surface roughness and impact the discharge coefficient. Reduction of flow
resistance can be accomplished by planarizing both the roughness and waviness peak
height and density and a ratio is proposed. This research resulted in thorough surface
characterization in relation to hydraulic flow which enables tailored surface
adjustments for specific end-use applications.

6.2 INTRODUCTION

This chapter is focused on the experimental characterization and test results of
surface enhancement methods applied to microchannels produced using the LP-DED
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process. These enhancements included abrasive flow machining, chemical milling,
chemical mechanical polishing, pulsed electrochemical machining, and the thermal
energy method. These processes were applied to modify the internal surfaces of LP-
DED microchannels built using a hydrogen-resistant NASA HR-1 alloy. This
research addresses a notable knowledge gap, as microchannels created using LP-
DED have limited data available [5], and research on the improvement of finishing
of their internal surfaces is limited. This work involved a comprehensive
characterization of the surface texture, using scanning electron microscopy (SEM),
optical microscopy, and computed tomography (CT). Hydraulic flow testing was
conducted to assess discharge coefficients and provide comparisons between each of
the surface enhancement processes. The discharge coefficient was used as a
quantitative measure to determine flow resistance in microchannels, considering
variations in surface texture. The research objective was to characterize the various
surface enhancement methods and their impact on flow resistance, focusing on
evaluation rather than optimization for a "smooth™ surface. These various surface
conditions may, in turn, allow designers to fine-tune these surfaces to meet specific
requirements of end-use applications. This potential extends to leveraging additive
manufacturing to balance factors including heat transfer, fluid flow friction,
corrosion, mechanical fatigue life, and aesthetics.

6.3 METHODOLOGY

Several channel samples were built using the LP-DED process. Surface
enhancements were used to modify the internal perimeter of the channels. These
channels samples were flow tested to determine the discharge coefficients of each
channel. Following testing the channel samples were sectioned to characterize the
internal surface and flow area to anchor the test data.

6.3.1 Fabrication of DED Samples and Processing

The channels were designed with a nominal width and height of 2.54 x 2.54 mm
square and built using LP-DED. Figure 1 illustrates the LP-DED build and
subsequent processing of the channel samples. The length of the square microchannel
section was approximately 150 mm. A 25 mm blended transition from the square
channel to a round extrusion was designed to allow welding of a universal AN-type
fitting as shown in Figure 1D. The channels were built as part of larger sample boxes
(Figure 1B) using the NASA HR-1 alloy and then individually sectioned (Figure 1C
and 1D). This Fe-Ni-Cr superalloy is resistant to hydrogen environment
embrittlement (HEE) in high pressure components [77]. It was developed for high
strength and high ductility in harsh hydrogen environments, like those occurring in
liquid rocket engine nozzles and heat exchangers. It is derived from the A-286 and
JBK-75 alloys [253,254]. The boxes were built with an RPM Innovations (RPMI)
557 LP-DED machine equipped with an argon-inert build chamber (Figure 6.1A).
The 557 system incorporated an infrared (IR) continuous-wave gaussian profile 3 kW
IPG laser, three coaxial nozzles within the deposition head, 5-axis motion control,
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and disc powder feeder with agitation capabilities. The samples were built on top of
an A36 mild steel 12 mm thick base plate. The laser power was 350 W, with powder
feed rate of 23 grams/min, a travel speed of 763 mm/min and a layer height of 0.254
mm. Based on previous development work, this set of parameters was optimized to
produce crack-free material, resulting in very low porosity [251,269].

The powder was rotary atomized by Homogenized Metals Inc. (HMI), with a
particle size distribution (PSD) of 55-105 um meeting +140 mesh at 0% and -325
mesh at 3.8% per ASTM B214 using a Microtrac (Ver 11.1.0.6). The chemical
composition is listed in Table 2 (HMI powder lot HRA4). The Oxygen content was
61 ppm and the Nitrogen content was 7 ppm. The chemical composition was
measured using Inductively Coupled Plasma (ICP). The peak powder size was 70 pum
and a Vega3 Tescan Scanning Electron Microscope (SEM) using Backscatter
Electron (BSE) showed mostly spherical particles with a few satellites and random
distribution of occasional oblong particles. Virgin powder was used for all builds.

The sample channel boxes were stress-relieved at 1066°C for 90 minutes with a
slow furnace cooling, prior to removal from the build plate with a bandsaw (Figure
6.1B). The boxes were then homogenized at 1163°C for 6 hours in vacuum and
Argon-quenched. A solution anneal was performed at 1066°C for 60 minutes, with
an Argon-quench followed by age-hardening at 690°C for 16 hours. The boxes were
then furnace cooled to 621°C and held for 16 hours (total aging time of 32 hours)
[252,270]. Individual channel samples were then sectioned from the boxes using a
water jet (Figure 6.1C). The samples were cleaned and an AS5174-04 stainless steel
fitting was laser welded to the inlet end of the samples (Figure 6.1D). The channels
were tagged according to the surface enhancement processes. Several samples were
used for process development and not tested. The internal surfaces of the channels
were processed according to surface enhancements described in section 2.2
Following the polishing of the internal perimeter, a 0.75 mm diameter hole was
drilled at two locations and a 3.175 mm diameter tube was welded as shown in Figure
6.1E.
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Figure 6.
boxes, B) complete NASA HR-1 box after stress relief and sectioning from the
build plate, C) Panels excised from boxes, D) Individual channel samples with
welded inlet port, and E) drilled and welded instrumentation ports. Build
Direction (BD) shown with arrow.

Table 6.1. Chemical composition of NASA HR-1 alloy powder (HMI Lot
HRA4).

Fe Ni Cr Co Mo Ti Al Vv W
Wt% | Bal. | 33.71 | 1449 | 3.75 | 1.82 | 231 | 0.24 | 0.3 | 1.59

Chapter 6—107



Chapter 6

6.3.2 Surface Enhancement Processes

Several internal surface enhancement processes were selected with the ultimate
goal of testing the possibilities of improving the flow friction characteristics of heat
exchangers channels. These included abrasive flow machining (AFM), chemical
mechanical polishing (CMP), chemical milling (CM), pulsed electrochemical
machining (PECM), and thermal energy method (TEM) or thermal deburring. These
enhancement  processes were selected among the many available
[126,133,142,149,271], based on the ability to modify internal microchannels with a
cross section of less than 2.54 x 2.54 mm [51,131,146,272]. The primary goal of this
research was not to minimize surface roughness or to allow for the best possible
surface polishing of the channels, but to analyze the varying levels of surface
polishing that can be obtained to gain a better understanding of how the polishing can
be tuned to the requirements in terms of flow resistance.

AFM uses a viscous fluid polymer that contains suspended abrasive particles.
The slurry is pressurized and pumped through the channels using a single or bi-
directional flow [273,274], thus providing abrasion, and the removed particulate is
carried away with the media. This process is also referred to as extrude-honing or
slurry-honing. The slurry type, volume, time, and number of cycles were adjusted to
modify the channel surfaces. The pressure was 68.9 bar and the flow was
unidirectional and the flow rate ranged from 0.56 L/min to 4.47 L/min. Following the
AFM process, the slurry was removed with compressed air and rinsed with a cleaning
solution. The channels were then dried with compressed air, ultrasonically cleaned,
rinsed with water, and again dried.

CM, or chemical polishing, consists of flowing a chemical solution through the
channels that attacks the grain structure and dissolves the metal at the surface
[127,135]. The dissolved material is flushed out with the hydrofluoric solution.
Longer exposure times yield more material removal. The temperature of the solution
pumped through the channels varied from 52 to 60°C and the surfaces were exposed
to the solution for a period that ranges from 4 to 19 mins. The parts were rinsed
following the chemical milling.

CMP isaprocess in which chemical and mechanical forces are applied to remove
surface material along preferential directions thus reducing the peaks height [275].
The chemical solution removes most of the material, while abrasive media planarizes
the surface. The chemical solution and micro-abrasives were flowed through the
channels and any removed particles flushed with the solution. The flow rate of the
chemical solution, temperature, time of flow, and weight of the microabrasives was
varied for each channel. The flow rate was varied from 0.4 to 2 L/min at temperatures
of 50 to 60°C and runs with and without microabrasives (up to 10%). The exposure
time was also varied between 10 to 20 mins.

PECM obtains the surface improvement by applying a local direct current (DC)
pulse using an electrode to dissolve metal [276]. The electrode was inserted inside of
the channel and dragged through, thus providing the proper offset gap. A limited
portion of the electrode was exposed. The channel was actively flushed with an
electrolytic sodium chloride solution.
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TEM s a process where parts are placed in a sealed chamber, which is
pressurized with a mixture of gaseous fuel and oxygen, and ignited [277,278]. The
high temperature of the combustion process vaporizes (thin) areas with low thermal
mass. The part was fixtured to prevent damage in the 25 cm diameter chamber
operating at a combustion pressure of 6 bar with a total processing time of 30 seconds.

The surface enhancement processes were outsourced to commercial vendors
actively working production. Prior to conducting the flow testing and
characterization, each vendor received development samples for trials. This step was
necessary because both material composition and geometry can influence the
parameters used. Although general parameters were outlined above in Section 2.2,
detailed parameters and specific setups for each of the channel samples were deemed
proprietary to the vendors. The objective of this research was to introduce variations
in the surfaces of the channels rather than achieving an ideally "smooth" surface. To
meet this objective, vendors employed distinct parameter sets for each channel to
generate the data for this study. The general setup of the surface enhancement
processes is illustrated in Figure 6.2.
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Figure 6.2. Overview of surface enhancement processes used for internal LP-

DED microchannel samples.

6.3.3 Test Configuration and Procedures

Testing was conducted at the NASA Marshall Space Flight Center component

development facility. A 379

liter GN pressurized tank provided deionized (DI) water
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to the system depicted in Figure 6.3. A 10 pum filter was placed immediately
downstream of the tank after the main valve. A Potter Aero RAA-1/2-301-1/2-5440A
flowmeter (3.4 to 36 I/min) was installed in a bypass leg of the system in addition to
a 1.143 mm diameter cavitating venturi (Cd = 0.980) to control the mass flow through
the channel test articles. The venturi cross-sectional area was sized to be smaller than
the smallest cross-section area of the test article. Pressure and temperature
measurements were installed at locations indicated on the diagram of Figure 6.3 and
on the channel test article. The test article was installed in a blast containment due to
the operating pressures. The Sensotech A-105 pressure transducers (0 to 40 bar,
+0.1% full scale), Omega E type thermocouples (-200 to 900°C £1.7°C), flowmeter,
and cavitating venturi were all calibrated prior to testing. Instrumentation checks
were completed every day of testing.

Each channel test article was flushed with DI water at 7 bar for a minimum of 10
seconds prior to data collection. The tank was then pressurized at increments of 34,
69, 138 Bar and held for 10 seconds at each pressure. The selected pressures were
based on the maximum allowable tank pressure, whose value is of the same order of
magnitude of the pressure at which high-pressure heat exchangers are operated (e.g.,
rocket nozzles, components of power and propulsion systems). A Dewetron data
acquisition system was used in conjunction with the LabVIEW software for system
control. Following pressurization of the test articles at the three set points, all pressure
in the system was vented and a new test article installed. A total of 20 channel samples
were tested. Each sample was uniquely numbered based on the processing (AB = As-
built; AFM = abrasive flow machining; CM = chemical milling; CMP = chemical
mechanical polishing; PECM = pulsed electrochemical machining; TEM = thermal
energy method).

PT: Pressure Transducer
TC: Thermocouple

Tank PT/TC
379 liter

Flowmeter

PT/TC PT
PT/TC L 'Ji'
Venturi PT r j
o - ’
PT/TC PT/TC Test Article

Figure 6.3. Flow test configuration.
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6.3.4 Sectioning and Imaging

Following flow testing, the channel samples were sectioned to characterize the
channel geometry and surfaces using optical microscopy, optical imaging surface
texture, SEM imaging, and computed tomography.

6.3.4.1  Optical Images

Each channel sample was cross sectioned at three axial locations perpendicular
to the flow (Figure 6.4). The samples were mounted and polished according to the
ASTM E3 standard using a Presi automatic polisher. The samples were polished
using 0.5 um colloidal silica and optical images obtained. Samples were then etched
using etchant #13 (10% Oxalic Acid, Electrolytic) and optical imaging completed
again. All optical images were obtained using a Keyence VHX digital microscope.
The Image J image processing software [268] was used for analysis to obtain the
cross sectional area and the wetting perimeter. The porosity of each sample was also
measured, and the results are provided in the supplementary materials. The results
were averaged, and standard deviation reported from the three cross-sections. Each
image was also overlayed to compare the processed sample to an as-built sample
(identified as AB-2). These overlay images were used to measure the approximate
amount of material removed per side, according to the hypothesis that the removal
was uniform on all sides. The material removal was measured normal to the wall at
20 locations and data averaged. From the images, this hypothesis is only partially
verified, since some surface enhancement processes removed more material in the
center of the channel wall as opposed to the corners. The perimeter of each channel
was measured at the three axial locations and the average is reported.

SEM Images and surface textur
scanning (normal to surface)

Optical Microscopy
Cross sectional flow area, perimeter, and general condition of surface

Figure 6.4. Sectioning of channels post-flow testing. An example scan of the
areal surface texture is provided along the length of the channel.
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6.3.4.2 SEM Imaging

The surface perpendicular to the flow was imaged using a Hitachi S3000H
Scanning Electron Microscope (SEM) (Figure 6.4). The particle count was
determined by examining the number of particles in two 1 mm? areas and averaging.
This was obtained from the SEM image at 50x.

6.3.4.3 Surface Texture Measurements

Surface texture measurements were obtained using a non-contact Keyence VR-
5200 pattern light projection profilometer. The setup included three telecentric lenses
with 80x magnification capability and an overlap of 20%. An area approximately 38
mm long and 1.6 mm wide was measured for each sample. All areal surface
measurements are reported according to 1SO 25178-2:2021 [255,257]. The surface
data intersecting the corners of the channels were eliminated using an end-effect
correction. A surface form correction was applied to remove any tilt and curvature,
addressing any residual stress distortion of the samples, and establishing a reference
plane. For the areal surface measurements, the primary texture profile was left
unfiltered (denoted as primary) using only the form correction. To extract roughness
and waviness from the areal surface, a Ac spatial frequency cut-off filter of 0.8 mm
(i.e., a roughness filter) was applied following the 1SO 21920-3 guidelines. To obtain
directional roughness and waviness (i.e., Ra and Wa, respectively), a virtual line was
created along the center of the channel, and data were extracted to report the results.
Various areal data sets such as average texture (Sa), maximum surface height (Sz),
core texture depth (Sk), reduced peak height (Spk), and roughness peak density (Spd)
were obtained for evaluation based on prior literature [269]. Directional data sets for
average roughness (Ra), average waviness (Wa), waviness peak height (Wp), and
waviness peak density (WPc) were also evaluated along the direction of flow.

6.3.4.4  Computed Tomography Scanning

Micro-computed tomography (LCT) scanning was completed on seven samples
including AB-2, AFM-2, AFM-15, CM3-, CM-20, PECM-1, and CM-20. These
samples were selected to evaluate each of the surface enhancement processes and the
range of the calculated discharge coefficient. A fully intact 17 mm length portion of
the channel samples were CT-scanned as shown in Figure 6.4. The specimens were
scanned on a Zeiss Xradia Versa 620 using 159kV and 23W and exposure of 8.7
seconds. A variable exposure scan technique was employed to help reduce noise
while simultaneously reducing the overall scan duration. The imaging covered an
area of 19 mm? per scan and the estimated pixel size is 10.03 pm. This resulted in a
feature resolution of ~30 pum, which is typically 3-5 times the pixel size [279].
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6.4 RESULTS AND DISCUSSION

6.4.1 Image Analysis

6.4.1.1 Optical Images

The cross sections of each channel are documented in Figure 6.5. The channel
cross section is overlayed with the AB-2 channel colored in gray, while the removed
material is depicted in orange. The AB-2 channel sample was used as the baseline
since this is unprocessed. These micrographs were obtained at the first pressure port
on the test article. The images were used to determine the area, perimeter, and
approximate thickness of the removed material, per side. The as-built sample displays
pronounced texturing due to excessive powder adherence and disturbances of the
melt pool [269]. This texturing increases the wetting perimeter by 32% compared to
the as-designed (hominal) channel. Corners are created at the intersection of the melt
pool solidification with the upper and lower walls extending to the intersecting ribs
(depicted vertically in Figure 6.5). A minor thickness increase is noticeable at the
mid-span center of the ribs, accompanied by a gradual thinning of the ribs as they
approach the upper and lower walls. This is the region where the laser is triggered off
to prevent excessive material deposition at the wall intersections.

All samples were crack free and the microstructure of the samples was identical
to 1 mm thick walls evaluated in prior studies [251,269]. The grain structure is shown
to be fully homogenized. The average porosity across all samples was 0.042% with
a maximum porosity of 0.108% on sample CMP-1 due to a single pore in the bulk of
the material. The polished and etched sample images are shown in supplemental and
a table with the measured porosity for each sample.

Varying degrees of material removal were present on all samples, as expected
since this was one of the objectives of the experiment. The cross-section micrographs
reveal that the walls of the AFM samples exhibit a visually smooth surface. The
internal surface increased in comparison to the as-built channel by as much as 2% to
12% across the different AFM samples, and the perimeter increased up to 15%. The
corners indicate sharp stress risers, revealing that abrasive machining was less
effective in the corners. The AFM process selectively removed material from the mid-
span thickness of the ribs. This resulted in nearly flat ribs with some AFM walls
showing concavity. The AFM overlay with the as-built sample confirms the selective
material removal in the rib mid-span and no removal in the corners.

The internal surfaces of chemically milled samples are larger compared to that
of the other samples and the corners are fully rounded. The walls appear jagged at
high magnification and much smoother as more material is removed. This is due to
the milling solution following the as-built profile of the surface. The area increased
by 16% to 36% if compared to the as-built state depending on the CM sample, and
the perimeter increased by 12 to 20%. The overlay images show that around the edges
and corners the milling is uniform. The processing time for CM is the shortest and
the surface changes are directly related to the increase of milling time and flow rate.

CMP allows for the removal of the widest range of material and therefore a wider
control over the determination of the inner surface, as it allowed to obtain an area
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change spanning from 8 to 27%. At high magnification, the CMP samples revealed
jagged features on the walls which gradually smoothed out as more material was
removed. The perimeters were 11 to 19% larger compared to the nominal perimeter
of the channel. There were some remnants of residual powder with material removal
uniform on the walls and corners. Visually, there appears to be a smooth wall profile
indicating reduced texture. PECM cross sections indicate some removal of material
from the walls, but the surfaces still show significant texture. There is no change to
the corner geometry and perimeters increased (18 to 24%), indicating some reduction
in material. The TEM sample does not exhibit any visual change compared to the as-
built. The overlay with the as-built sample looks nearly identical and this observation
is confirmed by perimeter and area measurements.

For all the surface enhancement processes, the increase in measured area is
related to the amount of material removed per side. The perimeter length exceeds the
design value and is notably influenced by the extent of powder adherence, as
demonstrated by both the as-built and the TEM samples. Most processes eliminated
the partially adhered powder particles except for TEM. Although a small number of
residual particles persisted on the samples, a minimum material removal of 45 pm on
each side is required to eliminate over 90% of the particles.
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AB-2 AB-3

AFM-15 AFM-16

CM-9

CM-20 CMP-1

CM-3

CMP-7 PECM-1 - PECM-9

p—— 1000 ym

Figure 6.5. Polished cross section of channel samples incorporating an overlay
of the section of an as-built (AB-2) channel (gray). Orange indicates the
material removal from the sample.
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6.4.1.2  Scanning Electron Microscope

Figure 6.6 shows the SEM images of the inner surface samples, taken normal to
the surface. The as-built samples indicate excessive powder adhered to the surface,
previously reported to vary based on build angle and geometry [269]. The adhered
powder particles were tallied per millimeter of area and averaged. The powder count
for the AB-2 and AB-3 samples were similar, and that of TEM-1 was only slightly
lower. Since the powder is partially melted into the solidified material, the TEM
process does not provide sufficient energy to vaporize the material because the
thermal mass is too much. The AFM samples reveal excess powder in the corners,
which aligns to observations related to the micrograph of the cross sections. The
visual SEM of the surface indicates some periodic texturing and varies with the AFM
parameters. The AFM-15 sample reveals a substantial amount of adhered powder that
has been partially removed, leaving only a portion still attached. This indicates that
not enough material was removed (41 um). At higher SEM magnification (Figure
6.7), visible lines (i.e., scratches) are indicated in the direction of flow due to the
abrasives in the slurry [280].

The CM samples are characterized by some jagged edges and irregularities,
which are more visible at higher magnification. The surface texture also exhibits
directionality, more pronounced in CM-9 and CM-17. The surface texture aligns with
the chemical solution flowed, which is indicated explicitly in CM-17, where flow was
disrupted by an adhered particle. Several remnant particles and crystals can also be
observed along with some evidence of delamination of selected particles. The
delamination is likely due to a partially adhered particle where a gap was present, and
the chemical solution could flow.

The results of the CMP process are similar to those obtained with CM, whereby
some surface directionality can be observed and it is due to the flow of the chemical
solution. However, the jagged features observed on the surface of the CMP samples
are coarser if compared to those visible on the surface of the CM samples and the
surface is smooth, in general. The CMP-2 and CMP-6 samples indicate selective
etching at grain boundaries, which is superficial, along with annealing twins. Some
random micro-pitting is also present on the surface of the CMP samples, indicating
that the material was over-exposed to the chemistry during processing. CMP-7
displays an uneven surface characterized by round particle and fractures. Some
evidence of brittle fractures are observed and cleavage fractures which indicate the
polishing media impacted and sheared loosely adhered powder particles.

The PECM process sample also illustrates micro-pitting, which is typical of
corrosion when the electrolytic residues remain on the surface [281]. The surface
characteristic are similar to those of surfaces obtained with L-PBF and finished with
ECP, as documented in the work of An et al. [175]. A limited number of powder
particles can be observed on the surface of the PECM samples. The center of the
channel exhibits less pitting than the edges near the sidewall due to the shape of the
used electrode and to differences in local current.

Chapter 6—117



Chapter 6

[ 1000 pm Build Direction —>

Figure 6.6. SEM 50x magnification images of the surface of each channel.
Images are taken normal to the surface.
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’|_| 100 pm ‘ Build Direction —>

Figure 6.7. SEM 500x magnification images of the surface of each channel.
Images are taken normal to the surface.

6.4.1.3 Computer Tomography

The selected samples that were p-CT scanned (Figure 6.8) included AB-2, AFM-
2, AFM-15, CM-3, CM-20, PECM-1, and CMP-6. The resulting images may not be
fully representative of each of the corresponding processes since process parameters
varied for each. The u-CT data sets were reconstructed into a mesh with gaussian
smoothing applied. The macro visual observations are similar to the optical and SEM
images. The as-built samples indicate significant powder particle adherence. It is
difficult to distinguish the corners and edge transitions and any potential waviness on
the surface is masked by the high density of powder. The AFM-2 and AFM-15
samples show random particle adhesion with significant particle accumulation in the
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corners and waviness along the length. The periodicity of the waviness varies based
on the sample.

The images of the CM-3 and CM-20 samples show significant rounding of the
corners along with some waviness along the length. There are also some indications
of non-uniform material such as mid-points of the sidewalls. The PECM-1 sample
exhibits fine roughness along the walls, which is smaller than the powder observed
characterizing the image of AB-2. There is a high density of powder in the corners
and some indication of waviness along the length. The image of CMP-6 shows some
indications of powder adherence and waviness along the length with a similar pattern
to what can be observed in the image of CM-3.

2.5 mm
|

Note: Scale is only
representative at the front
plane of the image due to

the perspective view.

CMP-6

Figure 6.8. Micro-CT Scanning images related to various surface enhancement
processes. The images are taken normal to the channel cross-section and
looking in the same direction as the direction of the flow.
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6.5 FLOW TESTING

A total of 60 tests were completed with three pressure settings for each of the 20
channel samples. The measurement results of the optical and SEM images are listed
in Table 6.2 along with the calculated discharge coefficient (Cd). The Cd was used
to establish a relative comparison of the various surfaces resulting due to the polishing
processes and is calculated according to

cag="__M 6.1
pAvV A [2pAP

where i is mass flow rate (gram/second), A is area (mm?), p is density of the
water (grams/cm?®), and P is pressure (Bar) at the port.

The Cd is reported based on the actual measured area of the channels, and the
standard deviation is computed from three distinct pressure runs conducted for each
channel. The mass flow rate was based on the measured value. The variance between
the flow rate calculated using the venturi and that measured by the flow meter was
within a margin of less than 2% across all tests. The cavitation of the venturi was
verified based on the exit pressure to inlet pressure ratio (<0.80) for each test run.
The water mass flow rates remained uniform for each test, approximately measuring
85 +0.0086 g/sec, 118 +£0.0075 g/sec, and 167 +0.0078 g/sec corresponding to the
respective tank pressures. The pressure and temperature data were taken from a 10
second period (100 samples/sec) and averaged. The change in area is calculated from
the average of six measurements (AB-Avg) from the AB-2 and AB-3 channels.

Table 6.2. Optical and SEM image geometric measurement and discharge
coefficient results and standard deviations.

Area cd
Change | Material Avg
Sample | Perimeter Area from Removed | Particles Cd, thange

ID (mm) (mm?) AB- | (umper | (per Actual AR

Avg side) mm?) )

%) (%)

AB-2 13.36 +0.45[6.19+0.038 | -0.8% 0 98+1 |0.44+0.004| 0.0%
AB-3 1345+0.18(6.30+0.038 | 0.8% 0 93 0.43+0.007 | -1.9%
AFM-2 10.87 £0.12 [ 6.85+0.027 | 9.7% 88+9.4 0 0.85+0.002 | 92.9%
AFM-7 10.64+0.126.97+0.059 | 11.7% 87 +16.7 2 0.88 +0.003 | 98.8%

AFM-15 11.64+0.19|6.37 £0.050 | 2.0% 41+8.0 18+0.5 | 0.59+0.004 | 34.0%

AFM-16 | 11.33+0.11|6.53+0.059 | 4.6% 51+14.0 2 0.71+0.003 | 60.7%

AFM-17 [11.28+0.40|6.67+0.094 | 6.9% 61+14.6 0 0.75+0.002 | 70.5%

CM-1 11.52+0.04|7.36 £0.077 | 17.9% | 85+14.3 5+1 0.76 £0.011 | 73.4%

CM-3 1154+0.10(7.24+0.015] 16.1% | 97+13.0 4+15 [076+0.023 | 73.1%
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CM-9 11.37+0.06 | 7.29+0.136 | 16.8% |121+17.2 3+1 0.75+0.018 | 69.6%

CM-16 11.98+0.12)8.28+0.214 | 32.8% | 207+12.8 2 0.94+0.017 | 113.5%

CM-17 12.20+0.18|8.20+0.170 | 31.6% | 197+16.1 1 0.85+0.032 | 92.8%

CM-20 12.06 +0.03(8.50+0.032 | 36.4% |213+181| 1+05 |0.97+0.016 | 120.7%

TEM-1 13.45+0.39)|6.28+0.102 | 0.6% 17+7.0 87 0.44+0.005 | -0.9%

PECM-1 |12.55+0.50(6.53+0.035| 4.6% 61+16.6 3+0.5 |0.55+0.006 | 26.0%

PECM-9 [12.02+0.25|6.47+0.211| 3.6% 47 +14.0 0.55+0.009 | 24.3%

CMP-1 12.14+£0.29|6.75+0.049 | 8.1% 62 +15.3 0.50 +£0.005 | 13.5%

CMP-2 11.31+0.37|6.89+0.208 | 104% | 53+11.3 0.81+0.010 | 83.4%

o [0 |O N

CMP-6 11.97+0.07|794+0.083 | 27.3% |162+17.3 0.89 +£0.024 | 103.0%

CMP-7 11.63+0.13|6.82+0.039| 9.3% 58+12.9 8+1 0.56 +0.007 | 26.7%

The discharge coefficient is plotted against measured cross-sectional area,
measured perimeter, and average areal texture and depicted in Figure 6.9. The Cd is
calculated using the measured area. At Cd below 0.6, the differences due to the as-
designed (6.452 mm?2) to actual as-built area were minor. However, above a Cd of 0.7
when the nominal as-designed area is used to calculate Cd, it overpredicts its value
since it is smaller than actual area (Supplemental). This is an important aspect related
to additively manufactured surfaces since the actual as-built areas can be smaller due
to powder adherence, melt pool irregularities, dross formation. The area of the CM
samples increased by 36% resulting in a 120% change of the Cd. The as-built samples
and the TEM samples featured the highest resistance, as expected, and the area value
is smaller than the as-designed value by 4%. The obvious trend is the increase in cross
sectional area due to the various processes resulting in larger Cd. However, for
several channels with similar area, there were differences in the Cd. AFM-2, AFM-
17, CMP-1, CMP -2, and CMP-7 all featured similar areas, but the Cd varies by more
than 78%. Alternatively, comparable Cd values of around 0.9 were measured for
AFM-2 and CM-17, despite a notable disparity in their cross-sectional areas, which
differ by 19.7%. Similar cross-sectional areas were measured for AB-2, AB-3, TEM-
1, and AFM-15, while AFM-15 is characterized by a higher Cd value. These
variations can be attributed to differences in surface texture, perimeter, and the
resulting resistance within the channel.

As the perimeter increases, the Cd generally decreases linearly. The larger
perimeter, in the as-built samples, is caused by the partially adhered powder creating
boundary layer turbulence and increased resistance [251]. The as-built perimeter is
30% larger than the as-designed nominal perimeter. Figure 6.9B also depicts AFM-2
and AFM-7 among the smallest perimeters. This is due to the reduction of the
sidewall texture, removing the mid-span rib material from the convex shape to flat.
Additionally, there is powder remaining in the corners of several AFM samples
creating a radius. This indicates the excess powder in the corners of the AFM samples
did not have a significant impact on the Cd. There are a few outliers in perimeter plot,
namely CM-16, CM-17, CM-20, and CMP-6. These outliers have lower average
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surface texture among the data set but their peculiar behavior in the perimeter plot
cannot be solely explained by the average Sa. There is an increase of Cd when the
texture increases, as expected. There is a linear rise in Cd up to 0.6 based on a
decrease of the surface texture. According to this data set, the surface texture below
14 um plateaus although there is an increase in Cd.
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Figure 6.9. Summary of Cd and comparison to: A) measured channel cross-
sectional area, B) measured perimeter, and C) measured average areal texture,
Sa. The data is colored based on the surface enhancement process.

Sa represents an average value and does not provide a comprehensive
characterization of the surface and its flow resistance. To gain a deeper insight into
how surface texture impacts Cd, the data is evaluated based on the magnitude of the
peaks and valleys and the density of these disturbances. While the maximum height
of the surface, denoted as Sz, can serve as a measure, it may not always accurately
depict the true surface characteristics due to the presence of outliers, such as
extremely elevated peaks or deep valleys. Sz, which sums the maximum peak height
(Sp) and maximum valley depth (Sv), was compared to the Cd and no correlations
were observed (Supplemental). This implies two key points: 1) the existence of
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anomalous localized peaks does not affect Cd, and 2) Sz is an inadequate measure to
understand the surface texture mechanism influencing Cd. Instead, core roughness
depth (SK) is utilized as a substitute for Sz, representing the average peak-to-valley
distance. The surface texture parameters discussed in this section are provided in
Table 3.

Figure 6.10 shows that Sk reveals that as the peak-to-valley depth diminishes,
Cd rises and then stabilizes around a depth of approximately 40 um. The peak height,
referred to as reduced peak height (Spk), as indicated in Figure 6.10, illustrates that
higher peaks contribute to greater resistance. For the samples featuring the highest
Cd (CM-16 and CM-20), Spk constitutes roughly 8% of the surface, whereas it
accounts for 13% in samples with lower Cd. The remaining portion of the surface
comprises core roughness depth. Conversely, reduced valley depth (Svk) was
assessed but no correlation was observed with Cd.

Table 6.3. Summary of Surface Texture Measurements.

Primary Sek, Primary Wp, |wpe, | Ra,
P | o | um) | um) | am)
(pm) | (um) | (pm)

AB-2 196 | 3176 | 59.2 | 327 | 286 | 1467 |343| 17 | 138
AB-3 203 | 2626 | 64.6 | 289 | 269 | 1573 |345| 14 | 129
AFM-2 | 115 | 1774 | 358 | 152 | 7.1 | 4700 | 247 | 15 | 46
AFM-7 | 133 | 1434 | 436 | 161 | 6.1 | 4836 |248| 15 | 47
AFM-15| 146 | 2231 | 458 | 186 | 12.0 | 2486 |36.7| 15 | 9.9
AFM-16| 108 | 2769 | 327 | 147 | 108 | 3672 | 232 | 16 | 54
AFM-17| 129 | 1446 | 404 | 126 | 75 | 3801 | 298| 8 | 4.8
CM-1 121 | 2278 | 365 | 125 | 90 | 4148 |268| 9 | 51
CM-3 119 | 2164 | 383 | 128 | 80 | 4037 |243| 9 | 45
CM-9 135 | 2571 | 422 | 175 | 97 | 3949 | 298| 13 | 4.9
CM-16 | 121 | 250.7 | 387 | 112 | 107 | 3449 | 224 | 10 | 56
CM-17 11.0 225.5 34.5 12.4 8.1 4635 | 235 7 4.3
CM-20 | 138 | 3735 | 405 | 109 | 121 | 4526 |231| 8 | 35
TEM-1 | 230 | 6083 | 719 | 373 | 337 | 1351 |521 | 18 | 17.2
PECM-1| 159 | 2166 | 499 | 246 | 128 | 3355 | 302 | 14 | 7.1
PECM-9| 165 | 1775 | 509 | 262 | 142 | 2918 |30.7 | 12 | 7.2
CMP-1 | 188 | 3828 | 59.4 | 226 | 172 | 3512 |422| 13 | 105
CMP-2 | 119 | 2738 | 370 | 141 | 102 | 3932 [329| 10 | 5.0
CMP-6 | 122 | 2318 | 387 | 145 | 84 | 4934 [228| 12 | 5.4
CMP-7 | 175 | 5062 | 526 | 220 | 164 | 399.2 [366 | 12 | 11.7

Sample | Primary |Primary|Primary
ID Sa (um) | Sz (um) | Sk (um)
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Figure 6.10. Discharge coefficient in relation to core roughness and reduced
peak height.

The roughness is due to powder adherence and melt pool irregularities. To
better illustrate this relation, Figure 6.11 reports the average texture as a function of
the average material removal per side in. The value of Cd is displayed as colored dots
whose shade is related to a scale. The value of Cd is consistently higher than 0.75
whenever and amount of sidewall material equivalent to the average powder size (70
pm) was removed. This led to a reduction in surface texture to values below 14 pym
and is independent of the surface enhancement process. The results of these
experiments revealed a strong variation of Cd if only the minimum powder size (55
pm) was removed, and limited discrete particles remained. According to particle
count analysis, a material removal of 45 pm eliminated 90% of the adhered powder.
However, this still resulted in higher Sa values due to remaining melt pool surface
irregularities, which has an adverse impact on Cd. Particle density alone does not
correlate with the Cd associated with the applied surface enhancement treatment.
While material removal does play a role, its value alone cannot be used to predict the
value of Cd. Certain processes, such as AFM, could achieve lower resistance with
significantly less material removal if compared to that achievable with CM. For
certain applications, the aim might be to minimize material removal while
simultaneously achieving the lowest possible surface texture.
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Figure 6.11. Average areal texture compared to material removal per side.

The average texture (Sa), as depicted in Figure 6.9C, levels out as the discharge
coefficients measured for the samples exceed a Cd of 0.7. Sa, being an average value,
does not fully characterize the surface and cannot be directly related to variations of
Cd. To characterize the variations of Cd in relation to surface features, the surfaces
were categorized based on their roughness peaks and on the density of these peaks.
Reduced peak height (Spk) and density of peaks (Spd) are plotted in Figure 6.12A
and B, respectively, alongside the channel cross-sectional area. The Spk represents
the mean height of peaks which are present above the core roughness based on an
areal material ratio curve (~10% of surface) [282]. This representation allowed for a
clear correlation between the surface treatment of a sample and the associated
measured Cd.

In samples whose associated Cd was less than 0.7, roughness is primarily caused
by partially adhered powder, accounting for more than 70% of the surface texture.
Directional measurements, such as profile (Pa) and roughness (Ra), were also
examined but did not provide sufficient resolution in the surface characterization to
correlate with measured Cd. This is an important result, since Ra is typically reported
but is simply an average directional (single line) value. Since the peaks are one of the
primary contributors to flow resistance, the Ra is insufficient to fully characterize the
surface in case accurate Cd predictions are the final objective.

In addition to the peak height (Spk), the density of the peaks (Spd) also
contributes to flow resistance, as illustrated in Figure 6.12B. Spd is traditionally used
for bearing surface evaluation and would indicate a larger contact surface area. For
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surface enhancements and flow characterization, higher Spd values imply that there
are more peaks per unit area but that they have been smoothed away. The samples
featuring the lowest Cd were planarized, thus they the peaks were smoothed and this
is correlated with higher Spd values.

Waviness was also evaluated using a cutoff filter of 0.8 mm. Waviness is visually
observed in all samples (Figure 6.8). However, samples whose internal surfaces are
characterized by identical waviness value still generated flows with significantly
different Cd. To better explain this phenomenon, the waviness peaks (Wp) were
evaluated and their values suggest that lowered peaks cause an increase of Cd, as seen
in Figure 6.12C. The waviness valleys (Wv) were also evaluated and cannot be
correlated to Cd. To further validate result of the waviness peaks, the periodic
waviness peak density (Wpc) was analyzed and it was observed that it features
different values for samples associated with higher Cd. Wpc is defined as the number
of peaks per the unit length. In this case the sampling length was 38 mm. As the
density of the waviness decreases, the Cd increases. The CM samples featured the
lowest Wpc, which was approximately 50% lower than that of the as-built samples.
It is observed that the waviness has a stronger impact on samples associated with Cd
greater than 0.7.
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Figure 6.12. Channel cross sectional area compared to A) Reduced peak
height, Spk, B) density of peaks, Spd, C) waviness peak height, Wp, and D)
Density of waviness, WPCc.

These observations indicate that an effective surface enhancement process
should remove the partially and fully adhered powder particles (roughness peaks and
their density) and smooth the waviness peaks and density thereof to reduce resistance
within the channel. It is important to note that, as the peak waviness decreases, the
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average waviness decreases, but then valleys eventually become the primary
contributor to the flow resistance. Achieving full planarization of a surface
necessitates reducing both peaks and valleys related to waviness, requiring a larger
amount of material removal.

The impact of the combined texture effects is corroborated by the analysis results
depicted in Figure 6.13, namely the comparison between a ratio of roughness
peak/density (Spk/Spd) with waviness peak/density (Wp/WPc). Cd increases
significantly with lower values of roughness and density. As the roughness ratio
approaches 0.04, a trend can be observed: the surface waviness begins to exert a more
pronounced influence on the increase of Cd. However, to reduce the waviness
necessitates more material removal compared to the roughness and an increase in
surface area for planarization.
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Figure 6.13. Ratio of roughness peaks to density (Spk/Spd) compared to the
ratio of waviness peak to density (Wp/WPc). Note Y-axis is Log scale.

The experimental data underscored that an increase in area causes an increase of
Cd, as expected. According to this experiment, approximately 65% of Cd variation
can be attributed to changes in area. The wetted perimeter also contributes to flow
resistance (8%). The ideal perimeter should match the mathematical definition, in
theory, but in application varies along with the area. For instance, in a square channel,
each sidewall is fully planarized or flat. The surface texture accounts for
approximately 25% of the variation in Cd. The surface roughness due to the adhered
powder and waviness resulting from irregular melt pools and build layering affect not
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only the perimeter, but also the overall 3D surface in the direction of the flow. This
is evident since in several channels that had the same perimeter and channel area, the
Cd varied based on the resulting texture due to the various surface enhancements.

The goal of this testing and characterization was to demonstrate differences in
surfaces resulting from each of the surface enhancement processes. The performance
from each of the different microchannels with surface enhancements, along with a
comparison to as-built baseline samples was summarized in Table 2. Chemical
milling and CMP demonstrated the potential to reduce or eliminate the powder
adherence and minimize waviness. However, these processes also removed the most
material. Sample CM-17 featured some of the lowest peak and density values for
roughness and waviness and with a slightly larger area would have likely achieved a
performance in terms of Cd equal to that provided by the samples associated with the
highest Cd. The evaluated surface enhancement technologies could also be improved
by adopting optimized process parameters. One goal may be to minimize material
removal while achieving a reduction of roughness and waviness peaks and density.
The material removal must be balanced with the processing economics, as increased
material removal increases the cost.

6.6 CONCLUSIONS

This work demonstrated that various surface enhancements can be applied to
internal square microchannel samples produced using LP-DED with 1 mm thick
walls. The samples featured a 2.54 x 2.54 mm square cross section and were built
using the NASA HR-1 (Fe-Ni-Cr) alloy. Several techniques were demonstrated
including abrasive flow machining (AFM), chemical milling (CM), chemical
mechanical polishing (CMP), electrochemical machining (PECM), and thermal
energy method (TEM) to modify the internal surfaces. Flow testing was performed
to characterize the flow resistance of the resulting channel surfaces and the samples
were then destructively evaluated using SEM, p-CT, optical microscopy, and optical
surface texture. The goal of this study was to demonstrate how variations in the LP-
DED surfaces can be obtained, and to understand the underlying causes for
corresponding changes in the resulting flow resistance. This data could then be used
to provide requirements for additively manufactured components, such as heat
exchanges.

The following conclusions can be drawn:

e The various surface enhancements result in different surface characteristics
deriving from the mechanics of the process. These include: remnant powder,
jagged edges and crystals, scratches, pitting or selective grain boundary
attack.

e The CM and CMP processes removed the largest amount of material per
side (up to 213 pm) resulting in a larger cross-sectional area (36%)
compared to the as-built samples.
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e  The as-built perimeter was 32% longer than nominal perimeter (the design
perimeter). This is due to the adhered powder particles and surface
irregularities resulting from the melt pool and build layering.

e A 121% increase in Cd could be achieved using chemical milling with a
36% increase in area.

e 65% of the change in flow resistance is attributed to the area change; 8%
depends on the perimeter and 25% on the surface texture.

e To increase the Cd, the surface enhancement process should eliminate
adhered powder (roughness peaks and their density) and planarize peaks and
density related to waviness. This implies that an effective surface
enhancement process necessitates reducing both peaks and density thereof
related to surface roughness and waviness, requiring increased material
removal.

e The material removal should be at least equal to the average powder
diameter (70 um) to achieve reductions in flow resistance. While material
removal equal to the minimum powder diameter (45 um) results in 90% of
powder elimination, it also results in significant variations of Cd.

e The ratio of roughness and waviness peak and density (Spk/Spd and
Wp/WPc) is proposed as a relevant surface characterization parameter.
Using this parameter, it is possible to observe a transition where the effect
of surface roughness due to peaks is reduced, and a reduction of the surface
waviness is required to increase the Cd.

The application of surface enhancements to surface geometries obtained with the
LP-DED process demonstrated that a surface could be modified based on a set of
requirements. This data along with future testing can tailor a surface for fluid friction
factors, fatigue life, corrosion, heat transfer, or even aesthetics. This is particularly
important in heat exchangers, where each of these attributes are balanced during the
design process. A combination of the LP-DED process and surface enhancements can
be used to fabricate large scale components for aerospace, power generation, and
industrial heat exchangers. Future research might combine processes, such as AFM
and CM/CMP, using the advantages of the unique surfaces from each. This study
engaged commercial vendors for the development of surface enhancements. It is
anticipated that these processes could be effectively and economically utilized for
future applications requiring surface variations to meet specific requirements.
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Chapter 7

Friction Factor of Channels with
Improved Surface Finishing

Major portions of this chapter were published in:

Gradl, P., Cervone, A., Colonna, P., 2025. Enhancement of friction factors for
microchannels fabricated using laser powder directed energy deposition. Materials
& Design 251, 113673. https://doi.org/10.1016/j.matdes.2025.113673

7.1 ABSTRACT

Designing high-performance and aerospace-grade heat exchangers requires
detailed characterization of the as-manufactured geometry, including cross-sectional
area and surface texture, to reduce uncertainties in performance prediction and issues
regarding subsequent system integration. This chapter presents experimental testing
and analysis of 600 mm length channels fabricated using the LP-DED process.
Surface finishing is often required for heat exchangers built using AM to meet the
desired pressure drop specifications. Moreover, the highly textured as-built surfaces
result in a measured pressure drop higher than what is predicted by current
correlations. Various surface enhancement techniques were applied to the internal
surfaces of the channels to tailor flow dynamics and induce variations in pressure
drop. The study focused on evaluating the pressure drop and friction factor variations
depending on the type of surface and its conditions. A novel method for calculating
the hydraulic diameter, accounting for surface texture variations, is proposed and
used to correlate and analyze all the collected experimental data.

Surface enhancements, including abrasive flow machining (AFM), chemical
milling (CM), and chemical mechanical polishing (CMP), were compared to the as-
built surface. Based on experimental testing, channels processed with surface
enhancements provide a tenfold reduction in differential pressure compared to the as-
built channels. After testing, the samples were destructively sectioned to obtain
geometric and detailed surface texture information. This characterization helped to
inform a new prediction method for determining equivalent sand grain roughness,
thus reducing the uncertainty of predicted friction factors. The new correlation allows
to estimate friction factor and pressure drop with a deviation from the experimental
data that is within 20% of their value. The identification of the mechanisms at the
basis of the formation of surface texture allowed to categorize distinct aspects:
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roughness peaks, peak smoothing/reduction, minimized roughness, and combined
waviness and valley reduction. These aspects of surface texture can be associated to
specific friction factor ranges.

7.2 INTRODUCTION

Critical design features of high-performance, aerospace-grade heat exchangers
include the geometry of internal channels and their surface finish. These
characteristics are fundamental for the transfer of thermal energy between fluids and
the flow friction, which ultimately determine whether the component and the overall
system function properly. Designing these channels is often an iterative process that
aims to minimize the associated pressure loss, maximize heat transfer, and maximize
the service life of the component. Optimizing pressure drop, heat transfer, and fatigue
life involves compromising between contrasting requirements. Surface texture
significantly affects pressure losses and heat transfer. In this respect, Chapters 5 and
6 document research on LP-DED microchannels and the related first-order flow
resistance in terms of discharge coefficient, while this chapter focuses on the study
of friction factors, their relationship with sand grain roughness and the derivation of
a correlation, the definition of hydraulic diameter suitable for this case, and the
correlations for the prediction of pressure losses in square microchannels.

The Moody diagram, established decades ago, provides nondimensional
values of the friction factor as a function of the Reynolds number and relative pipe
roughness [283]. Moody developed this diagram valid for laminar and turbulent flows
using experimental data from Darcy-Weisbach and Nikuradse [284,285]. Relative
pipe roughness relates the height of surface roughness to the hydraulic diameter,
however it cannot provide a merit parameter that is adequate for the complexity of
additively manufactured surfaces and its relationship to the original sand grain
roughness characterizing the experimental data of Darcy-Weisbach and Nikuradse.
The proportionality relationship between relative roughness and friction factor is well
known: as roughness increases, the friction factor also increases, and this is
mathematically expressed by the Colebrook-White correlation [286,287]. Early
experiments by Darcy, Nikuradse, and Colebrook were limited to values of relative
roughness lower than 5% [288]. Researchers like Kandlikar et al. expanded the
measurement range to values of relative roughness up to 14% [289]. Additive
manufacturing (AM) offers several advantages if adopted for the fabrication of
special heat exchangers, especially in terms of complexity and miniaturization of
channels, therefore it is becoming more prominent. However, traditional correlations
for the modeling of the fluid dynamic effect of surface texture perform very poorly
in case of surfaces obtained with AM, resulting in actual values of the friction factor
that are higher than those predicted by correlations based on prior experimental data
[290]. McClain et al. [291] highlighted the necessity of accurately characterizing and
measuring surface texture and equivalent sand grain roughness for accurate
predictions because the roughness to hydraulic diameter ratio is high, and outside the
range of validity of current correlations.
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Several authors have investigated flow friction associated with simple- and
complex-geometry channels made with L-PBF and as-built surfaces. Richermoz et
al. [292] experimented on circular and round channels made of Alloy 600 and
manufactured with L-PBF. The channels featured alternating 90° serpentine bends.
They measured a 37% increase in friction factor over traditionally manufactured
channels. However, they noted that uncertainty in hydraulic diameter affected the
results, which were measured using CT and basic directional roughness
measurements. Zhou et al. [169] investigated changes of hydraulic diameter in L-
PBF-made channels, depending on build angle, dross formation, and warping. They
proposed a linear model adjustment but did not relate such adjustment to physical
geometry. These differences highlight the importance of perimeter biasing due to
internal channel texture as this affects the hydraulic diameter.

Snyder et al. [293] reported that varying L-PBF parameters reduced surface
roughness by 50%, resulting in a proportional reduction of the friction factor. Kirsch
et al. [294] found a three-fold increase in friction factor with a 30% difference in
hydraulic diameter at Reynolds numbers from 3,000 to 10,000. Hartsfield et al. [295]
concluded that sand grain roughness does not correlate with profilometer roughness
measurements of L-PBF surfaces. These researchers therefore proposed to
approximate the value of sand grain roughness as 50% of the mean powder diameter.
Zhu et al. [167] estimated that values of relative roughness can be estimated by
multiplying the average areal surface texture (Sa) from each surface by a factor of
two. This work considered solely L-PBF-made horizontal round tubes with diameters
greater than 6 mm and as-built surfaces. Jamshidinia et al. [113] put into evidence
that surface roughness resulting from L-PBF is related to process heat input,
emphasizing the importance of build parameters. However, the friction factor
correlations they obtained cannot be broadly applied to channels produced with
different AM processes.

Most documented research on flow friction associated with additively
manufactured channels focused on channels with as-built surfaces, thus no post-
processing of the surfaces was considered. Favero et al. [165] performed friction
measurements on oval copper channels made with L-PBF and post-processed with
chemical milling. They concluded that pressure drop could be reduced by an order of
magnitude with a six-fold reduction in average roughness. The developed
correlations are based on a hydraulic diameter calculated based on area and perimeter,
but no sand grain roughness was considered. Kaur and Singh [168] emphasized the
need for thorough research on the localized influence of surface texture.

The build mechanics of the LP-DED is fundamentally different from that of L-
PBF. Results regarding the flow friction of channels made with L-PBF cannot be
applied broadly and friction factors associated to channels made with LP-DED are
expected to vary due to differences in powder feedstock, process parameters, and
environmental process factors like purges and surrounding powder. The derivation of
friction factor correlations is further complicated if surfaces are treated with
enhancement.

Comprehensive experimental data and correlations valid for additively
manufactured microchannels with similar geometry and different surface texture are
not available yet. Full characterization of surface topography is crucial to understand
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the underlying mechanisms causing the texture. Moreover, such surface enhancement
methods enable the possibility to improve the internal channel finish and ensuing
flow friction through post-processing. Designers of additively manufacture heat
exchangers require options to prescribe surface finishing to tune the flow
characteristics to meet design objectives, rather than accepting as the only option
what results from as-built surfaces. This chapter summarizes therefore an
experimental study to determine the pressure drop associated with square channels
fabricated with LP-DED and processed with various surface enhancements, resulting
in a wide range of surface textures and topographies. The experimental data allowed
to establish 1) a new definition of hydraulic diameter which eliminates perimeter bias
due to surface texture, 2) an equivalent sand grain roughness, and 3) new correlations
that considerably improve friction factor predictions for such channels. The surface
texture characteristics are evaluated in detail, providing roughness and waviness
attributes which can be directly related to the friction factor.

7.3 METHODOLOGY

Channel samples were fabricated specifically for differential pressure drop
testing. The experimental campaign took place at the same facility utilized for the
discharge coefficient testing detailed in Chapter 6. The test sections of the square
microchannels described in this chapter were approximately 615 mm in length.
Numerous channels were fabricated and tested in their as-built condition, while
several others underwent surface enhancements before testing. After the testing
phase, the channel samples were sectioned to characterize the internal surface and
flow area to validate assumptions for the analysis and correlations.

7.3.1 Fabrication of DED Samples and Processing

The 600 mm length test channels were designed with a nominal width and height
of 2.54 x 2.54 mm and built using LP-DED. They are shown in Figure 7.1. The square
test section included a length of 615 mm with a 25 mm blended transition segment
from the square channel to a round extrusion on both ends (Figure 7.1C). This design
facilitated the welding of a universal AN-type fitting onto either end as an interface
with the rest of the facility. The channels were constructed with the same RPMI 557
machine, utilizing an A36 mild steel base plate. The boxes were built using consistent
parameters, including a laser power of 350 W, powder feed rate of 23 grams/min,
travel speed of 763 mm/min, and a layer height of 0.254 mm. All these parameters
are the same as those utilized for the channels described in Chapters 5 and 6.

A coarse powder was used for most of the samples, with some samples fabricated
using fine powder feedstock. The coarse powder used in the process was rotary
atomized by Homogenized Metals Inc. (HMI), featuring a particle size distribution
(PSD) ranging from 45 to 105 pum. The specific lot number of the powder was
HRAL1, with an average size of 73 um. Notably, the oxygen content measured 68
ppm, and the nitrogen content was 12 ppm. The fine powder featured a PSD of 10-
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45 pm and average size of 32 um. The oxygen content was 145 ppm and nitrogen
was 10 ppm. The higher oxygen content in the fine powder is attributed to the larger
area per volume of the powder. The composition, as determined using ICP, is detailed
in Table 7.1. Virgin powder was employed for all builds.

Table 7.1. Chemical composition of the NASA HR-1 powder utilized to build
the channel samples (HMI Lot HRA11/Coarse and HRA9/Fine).

Size Fe Ni Cr Co | Mo | Ti Al vV | W
Coarse | Wt.% | Bal. | 33.98 | 1474 | 3.78 | 1.84 | 2.36 | 0.24 | 0.3 | 1.6
Fine | Wt% | Bal. | 33.91 | 1466 | 3.79 | 183 | 241|024 |03 |16

The channels were initially fabricated as larger boxes, as illustrated in Figure 7.1,
and then underwent a series of heat treatments, including stress relief,
homogenization, solution annealing, and double aging. These heat treatment
operations were identical to those described in Section 6.3.1. Following the heat
treatment, the boxes were removed from the build plate using a bandsaw.
Subsequently, the boxes were individually sectioned using water jet cutting and the
ends of the channels were machined in preparation for the welding of the ports. The
channels were cleaned, and subsequently an AS5174-04 Inconel 625 fitting was laser-
welded to each of the inlets and outlets of the samples (Figure 7.1C). The channel
that was tested is indicated by the yellow lines, and stock regions were fabricated to
either side of the channel to allow it to be sectioned. Each sample was then
individually tagged and provided to the vendors for surface enhancement processing
(Figure 7.1D).
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Figure 7.1. Channel sample fabrication. A) LP-DED build of boxes with
multiple channels, B) Completed boxes following deposition, C) Laser-welded
fittings; the square channel width is indicated by yellow dotted lines, D)
Channel sets with welded inlet and outlet fittings.

Chapter 7—136



Chapter 7

The internal surfaces of the channels underwent surface enhancements identical
to those described in Section 6.3.2, except for the PECM and TEM processes, which
were not applied. Following the polishing of the internal perimeter, a 0.75 mm
diameter hole was drilled at six locations for the pressure transducer port tubes
(sequentially tagged as PT03 through PT08), and a 3.175 mm diameter tube was laser
welded, as depicted in Figure 7.2. PTO1 and PT02 were used for the measurement of
the tank pressure prior to the test article. The distances between the tubes are shown
in Figure 7.2C. It should be noted that the distance between PT6 and PT7 for some
tubes was reduced to ~76 mm (increasing the distance of PT5-PT6 to ~178 mm) due
to a mismeasurement during drilling. Further details of the inlet and outlet ports are
also shown in Figure 7.2A and B.

Inlet Port Outlet Port

101 mm 101 mm 152mm 101 mm 101 mm BD
S S Jr—— —— e S—— J— ﬁ

Figure 7.2. Channel fabrication of inlet/outlet ports and instrumenation. A)
Inlet port welding, B) Outlet port welding, C) Welding of the instrumentation
tubes for pressure transducers. Build direction denoted as BD.

In addition to the baseline as-built samples and those whose surfaces were
enhanced, additional as-built samples were fabricated with a round channel and a
larger area of the square channel. The intended use of the round channels was to
provide an appropriate hydraulic diameter conversion from the round to square
channels. The channels with larger area were conceived to investigate the comparison
between channels with surfaces in the as--built condition and channels with modified
surfaces but with an equivalent cross--sectional area. The round (tube) channels were
designed with a diameter of 2.87 mm to match the cross-sectional area of the square
channels. As discussed in section 7.4.4, it was later discovered that the tubes shrank
more than anticipated, and the actual diameter was ~2.7 mm instead of 2.87 mm. The
larger square channels were designed to be 2.95 mm in height and width.

7.3.2 Surface Enhancements of 600 mm Length Channels

The objective of the surface enhancements of the internal surfaces was similar to
that driving the tests addressed in Chapter 6 [296]. The objective was therefore to
obtain a range of surface conditions (i.e., variations) of the internal channels for each
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of the utilized surface enhancement processes. The same processing parameters as
those discussed in 6.3.2 were used to achieve the desired surface modifications. The
only difference was that the AFM, CM, and CMP processes could be performed
bidirectionally since ports were located on each end. The configuration of the
channels is shown in Table 7.2 and the corresponding channel identifiers in Table
7.3. The samples processed with the surface enhancements (AFM, CM, CMP) were

all built with coarse powder (45-105 pum).

Table 7.2. Characteristics and nomenclature of the tested channels.

Channel Surface Notes Target Channel
Identifier Enhancement Geometry (mm)
Process
AB-xx None As-built surface; Coarse 254 x2.54
45-105 um powder (width/height)
AFM-xx Abrasive Flow Slurry extrusion pressure 254 x2.54
Machining of 69 bar; flow rate (width/height)
ranging from 0.56 L/min
to 4.47 L/min
CM-xx Chemical Milling Hydrofluoric acid; 254 x2.54
temperature 52 to 60°C; (width/height)
and exposure from 4 to 19
mins
CMP-xx Chemical Flow rate 0.4 to 2 L/min; 254 x2.54
Mechanical temperature 50 to 60°C; (width/height)
Polishing exposure from 10 to 20
mins; up to 10%
microabrasives
AB-53 None As-built surface; Fine 15- 254 x2.54
45 pm powder (width/height)
AB-54-L None As-built surface; 15-45 2.95x2.95
pm powder (width/height)
AB-55-R None As-built surface; 15-45 2.95 mm
pm powder diameter
AB-56-R None As-built surface, 45-105 2.95 mm
pm powder diameter
AB-58-R None As-built surface, 45-105 2.95 mm
pm powder diameter
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Table 7.3. Identifiers of the 600 mm channel samples.

As-built AFM CM CMP As-built
Square Round
AB-51 AFM-Al CM-A2 CMP-A2 AB-55-R
AB-53 AFM-A2 CM-A4 CMP-A3 AB-56-R
AB-57 AFM-A3 CM-A6 CMP-A4 AB-58-R
AB-A2 AFM-A4 CM-B1 CMP-A5
AB-A3 AFM-A6 CM-B2 CMP-A6
AB-A4 AFM-B1 CM-B3 CMP-A7
AB-B1l AFM-B2 CM-B4 CMP-A8

AB-54L AFM-B3 CM-B5 CMP-B1

AFM-B4 CM-B6 CMP-B3
AFM-B5 CMP-B4
AFM-B6 CMP-B5
CMP-B6
CMP-B7
CMP-B8

7.3.3 Test Configuration and Procedures

The facility available at NASA Marshall Space Flight Center (MSFC) and
reported in Chapter 6 was used for the experimental campaign aimed at obtaining
friction factors. The schematic of the test setup is shown in Figure 7.3. The 379-liter
GN pressurized tank was filled with deionized (DI) water and a 10 um filter was
incorporated downstream of the tank after the main valve. A Potter Aero RAA-1/2-
301-1/2-5440A flowmeter (3.4 to 36 I/min) was installed in a bypass leg of the system
in addition to a 1.016 mm diameter cavitating venturi (Cd = 0.980) to control the
mass flow through the channel test articles. The venturi cross-sectional area was sized
to be smaller than the smallest cross-section area of the test article. Pressure
transducers and thermocouples were installed at locations indicated on the diagram
of Figure 7.3. The test article was installed in a blast containment due to the operating
pressures.

PT: Pressure Transducer
TC: Thermocouple

Tank

PTO1/TCO1

379 liter Backpressure
Blast Containment Box Orifice
Flowmeter
PTO2/ | p1o3  PTO4 PTOS PTO6 PTO7  PTOS
Teo2 | \ [ |
I Test Article \ l l |
i » | ‘n%
PT10/ Venturi PT11 Holding Fixture/\'/ PTOS/
TC10 TCos

Figure 7.3. Schematic of the experimental setup realized to test 600 mm length
channels.
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The test articles were bolted into a fixture within a groove to hold the channel
sample as shown in Figure 7.4. This is due to the concern that the pressurization of
the water would cause some distortion of the rather long test articles. In addition,
some bowing of the channels was observed following fabrication. Images of the test
facility and the fixture installed in a safeguard blast chamber are shown in Figure 7.5.
Each channel test article was flushed with deionized (DI) water at 7 bar for a
minimum of 10 seconds prior to data collection. The tank was then pressurized at
increments of 34, 69, 138 Bar and held for 10 seconds at each pressure with water
flowing through both the flow meter and a cavitating venturi (1.106 mm dia. throat).
The cavitation of the venturi was verified based on the exit to inlet pressure ratio
(<0.80) for each test run. A second set of data was collected at identical tank pressures
bypassing the venturi allowing for the flow rate to be maximized for each channel.
The pressures for the experiments were selected based on the maximum allowable
tank pressure and on the criterion that they should be similar to typical heat exchanger
operating pressures. A Dewetron data acquisition system was used in conjunction
with the LabVIEW software for system control. Six sets of data were collected per
channel sample.

Bands (bolted in place) Groove for channel (not shown)

Figure 7.4. Holding fixture for channels with a groove (not shown) and bands
to secure the test article.

Chapter 7—140



Chapter 7

b - “' b /.
igure 7.5. Test facility with channel sample and holding fixture installed in
blast chamber.

T8

Information about the instruments whose locations are shown in Figure 7.3 is
detailed in Table 7.4. The pressure transducer (PT), thermocouples (TC), flowmeter,
and cavitating venturi were all calibrated prior to testing. Instrumentation checks
were completed every day of testing.
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Table 7.4. Instrumentation log for the testing of 600 mm length channels.

Instrument Type and Description Accuracy
ID
PT1 Wika Tecsis 99-6776-0004 (0-138 bar) +0.05% full
range
PT2 Delta Metric XPMF04-2KS (0-138 bar) +0.06% full
range
PT3-PT11 Wika Tecsis 99-6776-0002 (0-138 bar) +0.05% full
range
TCO01-TC10 Omega E type (-200 to 900°C) +1.7°C
Flowmeter | Potter Aero RAA-1/2-301-1/2-5440A (3.4 | +0.1% full range
to 36 I/min)

After testing was completed, all recorded data were tabulated for each of tested
channel and each tank pressure set point. Figure 7.6 shows an example of the
recording of the data related to channel AB-B1. At each pressure set point, the
pressure was kept constant, and data acquired for approximately 10 seconds. The time
periods determining the data to be averaged are highlighted in Figure 7.6 as colored
vertical bands. The finite pressure differential is obtained by subtracting values of
absolute pressures at the selected ports. Mass flow was measured using the flow
meter.
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The necessary fluid properties were obtained for each data set and run. The
density of water (g/cc) was calculated with a reference model [297] using the average
temperature at the inlet and outlet of the channel and the average channel pressure to
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identify the thermodynamic state. The dynamic viscosity (Pa-s) at the same
thermodynamic state was obtained as
_ 7.1
p=vp
where v is the kinematic viscosity (m?%sec) and p is the fluid density.
The mass flow rate is defined as
. 7.2
m= pAv,
where p is the fluid density, A is the area, and v is the linear velocity. The
fluid velocity can therefore be obtained as
0 7.3
pA’

with measured values for m and A.

7.3.4 Post-test Channel Measurements

7.34.1 Port Distance Measurements

After the testing was complete, the channels were visually inspected and
measured to obtain the as-produced geometry. The distance between each of the ports
was measured using two different sets of digital calipers while the channels were
rigidly clamped to prevent any bowing. The port distances measuring less than 152
mm were measured using Mitutoyo 500-160-30 (+0.02 mm) vernier calipers. For
distances greater than this value, a Mitutoyo 500-506-10 (£0.05 mm) caliper with
higher range was used. The procedure to obtain the center of the tube port was to
measure between each port on the outside of the instrumentation tubes and subtract
the value of the diameter of the tube. Figure 7.7 shows photographs to clarify how
these measurements were performed. All the resulting measurements are tabulated in
Table 7.5. The nomenclature of full, mid, and short distances was representative of
the distances between pressure transducers PT3-PT8, PT4-PT8, and PT5-PT6,
respectively. The maximum error determined between these measurements was
determined to be 0.043% for the full length and 0.1% for the mid length.
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Measurements less than 152 mm

'Y . ' Measurements greater than 152 mm g -'u)'
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Figure 7.7. Caliper measurements to determine exact distance between ports
for analysis.

7.3.42  Sectioning of the Channels

Following visual inspections and port distance measurements, the channel
samples were sectioned to determine their cross-sectional area, perimeter, surface,
and microstructure details of the surface. Three sections, perpendicular to the flow,
were taken (Figure 7.8): the first at the midpoint between PT3 and PT4, the second
offset from the center between PT5 and PT6, and the third at the midpoint between
PT7 and PT8. These sections, selected along the length of the channel, allow to
evaluate any axial length variations resulting from surface enhancement processing.
The samples were tagged according to the channel number, with -1, -2, and -3 suffixes
for traceability during microscopic imaging. Due to the time required for preparation
and measurement, a single section normal to the bottom surface and parallel to the
flow was taken at the axial midpoint of the channel for SEM imaging and surface
texture measurements.
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PT3 PT4 PTS PT6  PT7 PT8

Direction of Flow

Figure 7.8. Location of the sectioning of the 600 mm length channels. The
direction of the flow is the same as the direction of the build.

7.3.4.3 Optical Images, SEM, and Surface Texture Characterization

The samples from the sections (-1, -2, and -3) were mounted, polished, and
etched using identical procedures as those described in Section 6.3.4.1. All optical
images were obtained using a Keyence VHX digital microscope. The images were
processed using the software Image J (Version 1.53e) [268]. The values obtained for
the area and the perimeter were averaged for the subsequent analysis and to obtain
their standard deviation. Additional measurements were taken on the round channels
to determine the diameter (Appendix Figure 12.4). The diameter of the round tubes
was measured in 10 circumferential locations and averaged.

The surface texture was obtained using a non-contact Keyence VR-5200 pattern
light projection profilometer. An 80x magnification was selected and an overlap of
20%. The scanned internal area of interest was approximately 38 mm long and 1.6
mm wide and reported according to 1SO 25178-2:2021. The procedures were
identical to those described in section 6.3.4.3. An end-correction factor was applied
in addition to a form correction to remove any tilt and curvature. The unfiltered
primary surface texture (denoted as primary [P]) of the samples was evaluated in
addition to the filtered roughness (denoted as [R]) and waviness using a Ac spatial
frequency cut-off filter of 0.8 mm per 1SO 21920-3 guidelines. Directional profile,
roughness, and waviness parameters (i.e., Px, Rx, and WXx, respectively) were also
extracted from the data using a line along the center of the sample, equidistant from
the edges. This directional roughness and waviness are in the direction of the flow,
which also corresponds to the direction of the build. Several surface texture
parameters are evaluated to characterize the samples including Sa, Sq, Sz, Sk, Spk,
Spd, Pa, Ra, Rk, Wa, WP, and WPc. These are defined and discussed in detail in
Sections 4.3.4 and 6.3.4.3.

Additional surface texture characterization was obtained on selected
samples using a Keyence VKX-1100 laser scanning confocal microscope. The field
of view for this microscope was much smaller and required more scanning time and
an overlap of 5% was used in the X-direction. The scan area was approximately 1.45
mm width by 1.9 mm in length. These samples were scanned with a 20x
magnification lens with a height repeatability of 50 nm and width repeatability of 120
nm in laser confocal mode. The same texture parameters were extracted using
identical filtering. The main purpose of measuring these data was to obtain some

Chapter 7—145



Chapter 7

surface contour maps to provide visual comparisons to supplement the SEM and
optical images.

7.4 RESULTS AND DISCUSSION

7.4.1 Channel Geometry Characterization

The physical appearance and measurements resulting from the surface
enhancements and as-built channels were similar to those of the channel samples
presented in Chapter 6 [296]. The SEM images revealed identical artifacts from the
processing of the channels as those shown in section 6.4.1.2. The SEM images of all
the square channels are compiled in Figure 7.9. The as-built (AB) samples indicate
that adhered particles are randomly distributed on all the samples. The difference
between samples fabricated with fine powder (AB-53 and AB-54-L) and the other
AB samples fabricated with coarse powder is clearly visible. The fine powder covers
nearly the entire surface of the sample, while the coarse powder particles cover about
30% of the channel surface and are randomly distributed.

The SEM images for the AFM samples indicate that a high number of particles
can be identified also after processing. Several of the samples such as AFM-AL,
AFM-A2, AFM-B1, AFM-B2 appear to be unchanged from the AB baseline samples.
In the other AFM samples, many powder particles are still present, but the peaks of
the particles were removed. The remaining powder particles are still present on the
material or smeared. On a limited number of AFM samples such as AFM-A4, AFM-
A6, AFM-B4, AFM-B5, material is observed to be removed from the central portion
or biased towards an edge. Powder particles are still present along the edges or on the
side. This indicates that the process may not be completely uniform and was not as
effective on the longer samples compared to the AFM samples reported in Section
6.4.1.

The CM samples, shown in Figure 7.9, indicate that most of the powder particles
were removed. Some random particles are still present and there are indications of
etching of the grains. Some indications of periodic waviness or texture can be
observed, particularly on the CM-A6, CM-B5, and CM-B6 samples. Crystals can also
be observed on several samples, similarly to what was observed for the short samples
discussed in Chapter 6. CMP was effective at removing almost all particles. There is
some evidence of macro texturing and significant etching of the grain boundaries for
CMP and CM samples.

Figure 7.10 displays the polished cross-sectional micrographs obtained from
the #2 mid-span samples (between PT05 and PT06). These are zoomed in to show
the inner wall and resulting surface from the enhancement processes. Figure 7.11
shows the chemically etched samples. The images reveal the entire wall thickness
and grain structure. The images of the cross-sections of the surfaces, each treated with
a different enhancement method, show similar trends as those belonging to the short
samples whose investigation reported in Chapter 6. The images of the AB samples
indicate high texturing around the perimeter. The coarse particles are apparent.
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Texturizing can be noticed on the images of the samples built with fine powder (AB-
53 and AB-54-L), but greatly reduced and similar to one that is also notable on the
surfaces of the channel samples treated Section 5.5. Samples AB-53, AB-57, AB-54-
L were built without any adjacent channels, and support ribs along the midspan,
observed in Figure 7.11. This caused the samples to feature slightly round corners
compared to the corners of the other AB channels. Images show that most of the
AFM-processed samples exhibit some partially adhered powder. The images of CM-
processed samples indicate rounding of the corners and material removal from the
entire inner perimeter. The cross-sectional area of the CM-processed samples is
noticeably larger. Sample CM-B2 is the only one for which some loose powder is
visible, and it may be a result of the sample preparation and mounting; the powder
did not appear to be attached.

Figure 7.11 illustrates that the CMP-processed samples now have smaller
radii compared to their previously more squared corners. The walls appear to be
visually smooth. The image of sample CMP-A4 shows a potential powder particle in
the upper left corner but it is not attached and likely related to polishing.
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Figure 7.9. SEM images of the inner surfaces of the 600 mm length square
channel samples.
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Figure 7.10. Micrographs of the cross-sections of the square 600 mm channels.
The cross-section is the one indicated as #2 in Figure 7.8.
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Figure 7.11. Micrographs of the etched square channel cross-sections. These
images were obtained to reveal the grain structure.

Chapter 7—150



Chapter 7

The information resulting from the analysis of the channel micrographs and from
the geometric measurements is tabulated in Table 7.5. The data include the area and
perimeter measured from the three cross-sections of each channel sample and
averaged. The full perimeter was measured for each sample, and it includes all
adhered powder and variations from the deposition process. The standard deviation
is also provided. The difference between the measured values of the area and
perimeter and the nominal (as-designed) values is also presented, together with the
distances between the full and mid pressure ports with their standard deviation
determined from the measurements taken different calipers. The standard deviation
of the measurements features a maximum coefficient of variation of 0.043% for the

full-length measurements and 0.1% for the mid distance measurements.

Table 7.5. Summary of the geometric data of channels obtained with caliper
and cross-sectional measurements.

Area, | Perimeter,
Channel ID| Area, Avg |Perimeter, Avg 5 :)frfn Dgz'sifgam Full %.Sl_tg PT3- | Mid E;I'T't7 PT4-
design
mm? mm % % mm mm

AB-51 6.20 £0.064 | 12.81 +0.156 -3.9% 26.1% 561.87 £0.013 | 358.52 £0.127
AB-53 6.17 £0.078 | 13.02 +£0.212 -4.3% 28.1% 562.08 £+0.178 | 358.99 +0.216
AB-57 5.92 #0.073 | 12.08 £0.164 -8.2% 18.9% 561.67 £0.081 | 358.60 +0.005
AB-A2 6.31 £0.087 | 12.80 +0.541 -2.2% 26.0% 561.71 £0.191 | 358.64 +0.051
AB-A3 |6.31+0.025| 13.04 +0.267 -2.2% 28.4% 561.98 £0.063 | 358.80 £0.025
AB-A4 |6.28 £0.021| 13.27 £0.418 -2.6% 30.6% 562.05 £0.013 | 358.71 £0.051
AB-B1 6.25 +0.093 | 13.27 +£0.443 -3.2% 30.6% 561.75 +£0.178 | 358.65 +0.051
AB-54-L |8.37 £0.186 | 14.38 +1.021 -3.6% 22.0% 561.47 £0.089 | 358.71 £0.025
AB-55-R [6.05+0.125| 11.73+0.364 | -11.2% 26.7% 562.09 £0.038 | 359.02 +0.165
AB-56-R |5.62+0.035| 11.85+0.509 | -17.6% 28.0% 561.76 £0.038 | 358.58 +0.089
AB-58-R [5.50+0.100| 10.85+0.230 | -19.3% 17.2% 561.75 £0.114 | 358.85 +0.241
AFM-A1 |6.34+£0.064 | 12.44 +£0.325 -1.8% 22.4% 561.80 £0.317 | 358.83 +0.432
AFM-A2 |6.40 £0.013| 12.42 £0.226 -0.9% 22.2% 561.57 £0.102 | 358.44 +0.064
AFM-A3 |6.42 +0.032| 12.17 £0.071 -0.5% 19.8% 562.15 +0.267 | 359.11 +0.330
AFM-A4 |6.33+0.091| 12.00+0.739 -1.9% 18.1% 561.72 £0.089 | 358.78 £0.013
AFM-A6 |6.40+0.088 | 11.65 +0.254 -0.9% 14.7% 561.90 +0.076 | 358.84 +0.089
AFM-B1 |6.34+£0.028| 13.28 £0.290 -1.7% 30.7% 562.10 £0.178 | 358.99 +0.267
AFM-B2 |6.37 £0.027 | 12.50 £0.574 -1.3% 23.1% 561.78 £0.114 | 358.62 £0.140
AFM-B3 |6.44 £0.053 | 12.17 +0.615 -0.1% 19.8% 561.91 £0.000 | 359.12 +0.051
AFM-B4 |6.40 £0.023 | 11.81 £0.252 -0.8% 16.2% 562.08 £0.229 | 359.24 +0.216
AFM-B5 |6.39+0.141| 11.92 +0.192 -1.0% 17.4% 562.18 +0.038 | 358.95 +0.178
AFM-B6 |6.45+0.014| 11.39 £0.494 -0.1% 12.1% 561.85 £0.178 | 358.83 £0.102
CM-A2 |10.25+0.05| 13.82 +0.455 58.9% 36.0% 562.00 +0.025 | 358.86 +0.013
CM-A4 |8.81+0.179| 12.38 +0.282 36.5% 21.9% 561.92 +0.127 | 358.58 +0.051
CM-A6 |[7.16+£0.095| 11.41 +0.185 11.0% 12.3% 561.80 £0.152 | 358.64 +0.013
CM-B1 |[9.75+0.111| 12.88 +0.093 51.1% 26.8% 561.84 +0.127 | 358.75 +0.076
CM-B2 |9.81+0.052| 13.02 +0.136 52.0% 28.2% 561.67 £0.025 | 358.64 £0.013
CM-B3 |8.51+0.052| 12.26 £0.108 | 31.9% 20.7% 561.67 £0.140 | 359.23 £0.114
CM-B4 |8.51+0.052| 12.34+0.204 | 31.8% 21.5% 562.19 £0.406 | 359.52 +0.483
CM-B5 |7.35+0.010| 11.41 £0.058 13.9% 12.3% 561.85 £0.127 | 359.00 £0.051
CM-B6 |7.37+0.100| 11.54 +0.113 14.2% 13.5% 562.06 £0.254 | 359.16 +0.203
CMP-A2 |7.07+£0.178| 11.23 £0.175 9.5% 10.5% 561.70 £0.127 | 358.80 £0.241
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CMP-A3 |7.06 +0.026 | 10.92 +0.142 9.5% 7.5% 561.59 £0.025 | 358.53 +0.064
CMP-A4 |6.57+0.041| 10.85+0.104 1.8% 6.8% 561.98 +0.013 | 358.58 +0.178
CMP-A5 |6.77 +0.090 | 10.91 +0.076 4.9% 7.4% 561.92 +0.254 | 358.75 +0.191
CMP-A6 |7.07 +0.062| 11.01 +0.109 9.5% 8.3% 561.92 £0.076 | 358.90 +0.191
CMP-A7 |6.55+0.145| 11.00+0.074 1.5% 8.3% 561.59 £0.140 | 358.52 +0.089
CMP-A8 |6.87 +0.028 | 10.78 +0.057 6.4% 6.1% 561.56 £0.114 | 358.74 +0.127
CMP-B1 |6.74+0.039| 10.85+0.160 4.4% 6.8% 561.70 +0.267 | 358.69 +0.152
CMP-B3 |7.40+0.085| 11.30+0.029 | 14.7% 11.2% 561.98 +0.305 | 358.74 +0.076
CMP-B4 |6.77 +0.064 | 10.87 +0.168 4.9% 7.0% 561.92 £0.038 | 358.65 +0.102
CMP-B5 |6.82+0.105| 10.94 +0.101 5.7% 7.7% 561.70 £0.127 | 358.57 +0.051
CMP-B6 |7.28+0.020 | 11.36 +0.244 | 12.8% 11.8% 561.89 £0.406 | 358.65 +0.216
CMP-B7 |6.95+0.089 | 10.87 +0.033 7.8% 7.0% 561.58 +0.089 | 358.60 +0.038
CMP-B8 |6.74 +0.063 | 10.91 +0.060 4.5% 7.4% 561.66 +0.076 | 358.57 +0.038

The data of Table 7.5 are plotted in Figure 7.12 to elucidate their dependency on
the channel type and surface processing methods. The values of the cross-sectional
areas of the as-built channels are consistently smaller than the nominal design values
due to powder adherence and shrinkage during processing (Figure 7.12A). This was
expected and it was observed also for the similar data discussed in Chapters 5 and 6.
The value of cross-sectional area of the AFM-processed channels are similar and
close to the nominal design values. Despite the slurry flow rate and pressure were
varied, there appears to be a limit to the amount of material that can be removed.
Increasing the flow rate and pressure of processes that are abrasive may be necessary
to enlarge the channel area. CM-processed channels cause significantly larger values
of the cross-sectional area compared to the as-built value and the nominal design
value, as previously observed. The CMP samples indicate consistent areas and
perimeters despite processing parameter variations.

Figure 7.12C reports the values of measured perimeters depending on the post-
processing treatment. As expected, the perimeter value of as-built samples is higher
than the design value (which is an ideal value formed by perfectly straight segments),
which is 10.16 mm for most samples. The AB-54-L sample was designed with a
nominal perimeter of 11.79 mm. The perimeter value of as-built round samples (9.017
mm) similarly deviate from the nominal design values. AFM samples feature a higher
perimeter value, similar to the value of as-built samples, due to the presence of
residual powder particles. The larger value of the area of CM samples results from
the higher amount of removed material, which effectively eliminates adhered powder
and even some of the underlying surface. CMP processing effectively removes
particles while keeping to a minimum material removal, allowing for more precisely
controlling the value of the area and perimeter. The data sets of Figure 7.12C indicate
that the CMP process can effectively reduce and planarize the perimeter with minimal
area increase.
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Figure 7.12. Measurements characterizing the inner surface of channels. A)
Cross-sectional area, B) Area Coefficient of Variation, C) Perimeter, D)
Perimeter Coefficient of Variation. [FP = Fine Powder].

Figure 7.12B shows values of the coefficient of variation (CV) for the area of
each channel type, while Figure 7.12D displays the value of CV for the perimeter.
The CV, calculated as the standard deviation divided by the mean, indicates the
variance between cross-sections along the length of the channel. The areas and
perimeters are based on the average of three cross-sections, with the means presented
in Figure 7.12A and Figure 7.12C, respectively. This CV is a merit parameter
measuring the capability of surface enhancement processes in producing consistent
uniform area and perimeter along the channel length. A high CV suggests significant
variation.

Regardless of the surface enhancement process, the value of CV for the area
along the channel lengths remains within 2.5%. This variation accounts for both the
effects of surface processing and measurement error, indicating consistent processing
conditions. The area of the AFM samples vary by 2.2% along their length, despite
having nearly identical absolute cross-sectional areas.

The perimeter CV range is higher than the cross-sectional area CV range, as
shown in Figure 7.12D. No clear trends link perimeter CV to area CV; variations
appear as random error (Refer to Appendix Figure 12.1). As-built samples with
randomly adhered powder show consistent area and perimeter variation along the
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length, in line with the results from section 6.5. AFM processed samples exhibit the
highest CV due to processing inconsistencies, with some powder remaining adhered
to the walls while other areas are cleared, leading to a higher perimeter variation
(5.6%). CM samples demonstrate consistent perimeter measurements along the
channel length, with a CV within 3.3%. The CMP process shows excellent
consistency, maintaining perimeter variations within 2.2% along the channel length.

7.4.2 Surface Texture Characterization

All samples were scanned to obtain quantitative information on the surface
texture at the mid-point of the channels as indicated in Figure 7.8. The scans provided
the amplitude of the primary and roughness areal texture, spatial, functional, hybrid,
and material ratio parameters. Additionally, the 2D profile, roughness, and waviness
parameters were obtained along the centerline of the channel. The primary [P] and
roughness [R] filtering to obtain these parameters is discussed in Section 7.3.4.3 and
6.3.4.3. Table 7.6 lists a summary of the selected parameters.

The 95% confidence interval (C.1.) of the values was obtained by repeating four
times the measurements characterizing a single as-built sample. Reporting values
related to the as-built sample introduces bias in the confidence interval for parameters
associated with single-point high peaks and due to the powder particles, such as Sp.
The confidence interval characterizing samples with enhanced surface texture is
likely much higher (>95%). Additionally, directional measurements (Wa, Ra, Pa) are
affected by much larger deviation, as slight changes in line placement can result in
significant variations of peak height or valley lengths. In contrast, areal
measurements are affected by lower deviation since all texture artifacts of the
measured area comprise the calculated value (i.e, Sa, Sq, Sp, etc). As noted, the Sp
value is based on a single peak value across the entire surface therefore bound to be
biased towards higher values and a higher standard deviation. This issue underscores
the importance of using a merit parameter such as reduced peak height (Spk) and core
roughness (Sk).

Table 7.6. Summary of the measured values of parameters identifying surface
texture, roughness, and waviness. [P] is the primary texture and [R] denotes the
filtered roughness texture.

Channel | Sa | Sg | Sp | Sv | Sk | Spk | Sa
ID [PL | [P | [P] | [P][[P]|[P]]|I[R]
gm | pgm | gm | gm | gm | gm | gm [ gm | gm | gm | gm | ym
95% C.I. ()] 0.12 ] 0.12 | 33.9 | 1.98 | 0.54 | 0.39 | 0.09 | 2.16 | 0.73 | 1.09 | 0.42 | 1.57
AB-51 |23.3|29.9|275.2|186.1| 71.3 | 38.9 | 18.6 | 49.2 | 13.0 | 22.7 | 15.3 | 44.6
AB-53 |17.4|21.9]119.2|122.2|55.8 | 20.6 | 12.5|30.5| 89 |16.2|11.3|36.7
AB-57 | 31.6]40.3[226.9|313.2/99.8 412|222 |63.8|19.231.4|19.3|54.7
AB-A2 |28.4|37.1]279.0/304.5/85.0 |47.9|20.4 | 68.7 | 14.4 | 23.7 | 16.4 | 43.9
AB-A3 | 29.2|37.6 |341.8|260.9]/89.2 | 45.8 | 22.3 | 47.6|13.2|24.3|183[495
AB-A4 | 31.2|405|327.8|284.6/94.9 | 56.4 204 |49.2|13.0[23.2|16.1|44.6
AB-B1 | 28.2|37.3|318.1|269.2|87.2 | 47.6 | 21.8|74.0|144|26.0]18.9 |544
AB-54-L |18.1]22.9 |128.8/145.5|57.9 1225|127 |323] 9.4 |175]11.8|39.1

Wp | Wa | Pa | Ra | Rk
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AB-55-R | 15.5|20.5|105.2|133.3|46.3 183113248 | 9.0 |142] 9.8 | 30.3
AB-56-R | 28.2|36.8 |171.1|244.0{ 83.7 | 40.2 | 22.1 | 61.6 | 16.5| 28.1 | 18.4 | 53.0
AB-58-R |32.3|41.8|177.1|444.4196.9 | 49.8 | 26.1 | 85.0 | 19.8 | 30.7 | 18.3 | 54.0
AFM-A1 |29.0|36.8|196.0{360.3|90.9 |43.4|20.1|334|115[22.6|154|44.0
AFM-A2 | 26.6 | 34.3 |338.9|199.4|83.7 | 45.7 | 19.3 | 49.4 | 16.0 | 23.3 | 155 | 48.0
AFM-A3 | 25.8 | 34.2 |303.3|239.9|80.3 | 47.1 195415122226 |15.6|48.1
AFM-A4 | 26.3 | 34.4 |281.3|309.6| 79.8 | 46.0 | 19.1 | 39.0 | 12.6 | 22.0 | 14.9 | 44.2
AFM-A6 | 27.6 | 36.9 |284.4|279.3| 73.2 | 58.8 | 14.1 | 334 |115|17.0| 9.7 | 29.3
AFM-B1 | 26.9 | 34.9 |340.7|330.4| 81.9 | 41.5]20.4 | 494 |16.0 | 25.0[17.1| 483
AFM-B2 | 253 |32.8 |283.1|236.9| 76.6 | 38.3 | 204 |415]122|22.2|16.0 | 464
AFM-B3 | 22.529.5|243.2|1301.5|70.0 | 349|183 |343|115[194 132|391
AFM-B4 |20.9 | 27.5|292.4{259.0| 63.8 | 33.4 | 16.5|34.6 |10.3 | 175|117 | 35.2
AFM-B5 | 22.6 | 30.0 |384.0{248.5|66.1 | 40.3|16.8 | 37.4|11.0|18.8| 119|357
AFM-B6 | 21.4|28.3 |333.1{262.2|62.7 | 39.7 | 16.1 | 324 10.2|17.0 | 11.7 | 34.2
CM-A2 |12.416.0 |262.5]|222.1/39.0|14.0| 6.7 |21.1| 82 |10.0| 42 | 121
CM-A4 |13.5|18.2 |140.6/280.0{ 39.9 | 13.0| 88 | 26.2| 9.1 |12.7| 6.0 | 16.9
CM-A6 | 151|194 |1105|232.1{474|19.0| 116 |29.7| 87 | 14.0| 9.0 | 284
CM-B1 |14.3|185[104.9/220.5/435[124| 7.0 |229|112[121| 49 |138
CM-B2 122|157 |89.4 (1748|372 |129| 63 |205| 78 | 9.1 | 44 |13.2
CM-B3 | 11.3|15.2 165.9/199.4|33.9 123 | 7.6 |228| 7.8 |10.2| 5.7 | 156
CM-B4 |12.6|16.5|84.4(202.8|37.6[129| 74 |223| 86 [105| 54 | 158
CM-B5 |13.1]17.4|290.4/186.9|40.5]19.3| 89 |319| 83 |122] 73 | 231
CM-B6 | 13.7|17.7 |169.9|229.3|42.7 |140| 9.1 | 251 | 81 |13.0] 7.2 | 223
CMP-A2 |12.7 | 16.4 |426.4|137.7/41.0 | 154 | 6.8 | 284|106 |11.9| 5.1 | 16.0
CMP-A3 | 11.8|15.0 |155.5/130.9|/35.8 |19.7| 53 |272| 83 | 99 | 3.6 | 111
CMP-A4 |14.0|17.7 |165.0{189.5/449[19.7| 86 | 279 | 8.6 | 124 | 6.7 | 215
CMP-A5 |13.0]17.0|146.0/348.8{41.0|16.8]10.3|29.2| 9.1 |11.7]| 57 |174
CMP-A6 | 12.8|16.7 |172.8|123.0{38.8 | 239 | 6.5 |22.7| 8.0 |10.1| 4.8 | 158
CMP-A7 |18.6 | 23.3 | 89.0 [189.2| 59.6 | 24.1 | 10.6 | 40.3 | 12.9 | 16.5| 8.3 | 25.6
CMP-A8 |17.0|21.7 |285.2|162.6|52.1 | 264 | 7.1 |359|10.0|122| 51 |16.2
CMP-B1 |16.4]20.7 |135.1|168.6| 52.1 | 19.8 | 9.4 |36.9 123|152 | 6.8 | 22.1
CMP-B3 | 15.6 | 21.3 [259.4|308.1|48.3 255 6.5 | 285|106 |121] 3.7 [ 115
CMP-B4 |15.6 |20.0 [151.7|148.6/48.8 [ 23.5| 9.9 |39.2|11.0|155]| 75 [241
CMP-B5 |14.1]18.6 |235.7|338.1|43.4 | 23.6| 85 |34.1]10.3|13.0| 5.8 |18.2
CMP-B6 |15.3]19.4 |112.1|101.3|148.8 | 24.1| 6.5 |44.0 116|132 | 4.6 | 144
CMP-B7 |11.9]155|118.8|184.1|136.2 |17.3| 7.1 |247]| 84 |10.8| 54 |16.6
CMP-B8 | 15.7 | 22.0 |279.7|221.0/ 48.6 | 31.3 | 10.2 | 38.6 | 10.0 | 144 | 7.3 | 20.8

Samples treated with each of the post-processing techniques were selected
among all those available and were mapped on a VK-1100 microscope. Figure 7.13
displays the 3D height maps overlayed on the laser scanned and optical images. The
scan windows measured ~1935 pm in the X direction and ~1450 pm in the Y-
direction. The textures are consistent with those of the cross-section SEM images of
the samples discussed in Chapter 6. The SEM images (Figure 7.9) do not adequately
provide depth data due to the limited depth of field, therefore the overlay optical and
laser scan images provide additional information (Figure 7.13). The images of the
square and round as-built samples indicate a random distribution of adhered powder
particles and appear visually similar. This suggests that images of these samples,
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being built with coarse powder, can be used as an appropriate reference to determine
the effective diameter of the square and of the round channels.

The images of AFM samples show higher peaks along with a few powder
particles on the surface. Some of the powder particles are reduced or smeared, as
indicated by the elongated peaks along the flow direction (X). The images of CM
samples display lower peak heights across the surface, but some pitting can be
observed (cool colors). This pitting could be attack of the surface from the chemical
or pull-out of powder particles from the surface. A jagged surface is apparent in the
optical images and height mapping overlay. The images of the selected CMP sample
also reveals reduced peak heights with some preferential direction for material
removal. Increased surface height in the scanned window can be observed, and some
material is selectively attached to the grain boundaries.

> )“'-44""'.__..\.
CM-B4 [-55/+32 um]

. ¥

o, A 2
CM-B2 [-37/+31 pm) CMP-A3 [-38/+53 pm)]

YLX
Figure 7.13. Surface texture maps overlayed on the optical+laser images. The
warm colors represent peaks above the average surface level, while cool colors
represent valleys below the average surface level. The scales are not shown
since they are all different, but minimum and maximum heights are shown in
the captions between square parentheses. Note: The direction of flow is from
left to right. X also indicates the build direction.
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Figure 7.14 presents a typical 3D contour image of the as-built surface obtained
with the VK-100 microscope (sample AB-B1). The adhered particles and the
waviness are clearly distinguishable. The build orientation is the X-direction, which
also corresponds to the direction of the flow during testing. The measured maximum
height of the surface from sample AB-B1 is 137.5 um and the maximum valley is —
83 um for a range of 220.5 pum.

Figure 7.14. 3D Contour Plot of as-built sample AB-B1 on the Keyence VHX-
1100 microscope. The indicated X-axis provides the build direction and the
flow direction.

7.4.3 Discharge Coefficient

The discharge coefficient was calculated according to its definition, namely

m m 7.4
d = e T e—— .
oV AJ2phP

where 7z is mass flow rate in kg/sec, A is area in mm?, p is density of water in
grams/cm?®, and 4P is the differential pressure between PTO8-PTO03 in bar. The
discharge coefficient was evaluated for each channel sample at each test pressure.
The area is based on the average of three measurements (shown in Figure 7.8) and
listed in Table 7.5.

Figure 7.15 shows the functional relationship between Cd and the cross-sectional
area, perimeter and the average primary texture. The trends are nearly identical to
those that can be observed in Figure 6.9. The estimated Cd depends on the tests due
to the significantly longer length of the channels compared to those treated in Section
6.5. The effect of surface enhancement processes on flow resistance is similar, with
CM and CMP causing the lowest resistance (highest Cd). The Cd increases with the
cross-sectional area, as expected. The large square as-built channel (AB-54-L)
features an area that is nearly identical to that of channels CM-B3 and CM-B4 and its
average Cd is 38% lower. The Cd of the large as-built AB-54-L channel is higher
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therefore the flow resistance is lower than that of the as-built channels featuring
smaller cross-sectional area, as expected. A slight difference in flow resistance can
be observed between AB channels with the larger and smaller cross-sectional area,
which suggest that other factors, such as the texture, have a higher influence on the
flow resistance.

Figure 7.15 also shows that the value of Cd increases with decreasing perimeter
lengths down to Cd=0.3. For a range of perimeter values, it remains constant and
equal to approximately 0.3, then increases again starting from Cd=0.4. This is
expected since the powder adherence and surface undulations cause the value of the
perimeter to increase at lower Cd values. The decrease of the perimeter value for Cd
in the range from 0.2 to 0.3 is due to the full removal or partial removal of powder
particles with sizes lower than the average particle size (73 um). The larger perimeter
values associated with values of Cd higher than 0.4 is mostly due to the increase in
the channel cross-sectional area resulting from material removal.

Figure 7.15C displays how the flow resistance decreases exponentially with
decreasing values of the average areal texture (primary), Sa. The Sa strongly
decreases down to ~Cd=0.32, while for larger values of Cd it decreases very slightly
for values of from Cd=0.32 up to 0.5.
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Figure 7.15. Relationship of the estimated Cd with A) Measured cross-sectional
area, B) Measured perimeter, and C) Measured average primary texture. The
color of the symbols is associated to the surface enhancement process as listed
in the legend.
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In Chapter 6 it is discussed that other surface texture parameters deemed
necessary for flow characterization include the core texture depth (Sk) and reduced
peak height (Spk). These values allow to better to discern the average distance
between peaks and valleys, thus filtering out the maximum heights of peaks and
valleys. Figure 7.16 shows how Sk and Spk vary with Cd. The functional dependence
is identical to that of the data visualized in Figure 6.10: as the core peak-to-valley
depth reduces, the Cd increases. The value of Sk becomes approximately constant for
heights of peaks or valleys of ~50 um, and it weakly decreases for values of Cd up to
0.5. The trend of Spk is similar, although not as pronounced. Overall Sk and Spk
decrease exponentially with Cd.
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Figure 7.16. Sk and Spk as a function of Cd. The color of the symbols is
associated to the surface enhancement process as listed in the legend.

It can be concluded, in analogy with the considerations reported in Section 6.6,
that flow resistance depends for the most from roughness-related peaks and their
density, as well as from the planarization of waviness and their density. Figure 7.17
presents the summary of the relations between Cd and Spk, Spd, Wp, and WPc and
the cross-sectional area. These trends are similar to those reported in Figure 6.12 for
shorter channels. Given that material is removed from the surface due to the
enhancement treatment, the resulting channel cross-sectional area is larger and Spk
is lower. Compared to the Spk of the as-built channels (AB-xx), the Spk of channels
whose surfaces are treated is lower by 79%, and the density of these peaks (Spd) is
lower by 74%. Similar results hold for waviness, with Wp and WPc being lower by
76%. The calculated Reynolds number (discussed in section 7.4.4) indicates that the
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channels operate in the turbulent regime. Higher micro peaks, macro waviness, and
their density distribution along the channel length increase boundary layer turbulence
and fluid dynamic losses. Effective removal of these features is crucial for reducing
flow resistance.
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Figure 7.17. Flow resistance dependence for roughness and waviness of all the
tested channels: A) Spk, B) Spd density, C) Wp, and D) WPc density.

To allow to better estimate the amount of material removal required to obtain a
specified flow resistance, Figure 7.18 provides the visualization of the relationship
between material removal (MR) per side and Sk, Spk, and Wp. To obtain Figure 6.11,
MR was measured at 20 locations for each channel. MR per side is calculated based
on the simplifying assumption that

VAch — JAas 7.5
MR =————"—
2

where Ach is the average cross-sectional area of the channel calculated measured
at three locations and Aag is the value of the average as-built area. The results
discussed in Section 6.5 show that the average powder size correlated to the material
removal necessary to effectively increase the Cd. The results in Figure 7.18 suggest
that removing powder of the minimum size (diameter of 45 um) is required to reduce
the flow resistance by approximately 40%, but to reduce flow resistance by >75% the
powder of maximum size (105 pm) must be removed. The removal of large-size
powder eliminates all the adhered powder particles and decreases flow friction within
the boundary layer.
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Figure 7.18. Relationship between material removal per side based on: A) Core
Depth, Sk, B) Reduced Peak Height, Spk, and C) Waviness peak height, Wp.

7.4.4 Differential Pressure and Friction Factor

In order to calculate the Colebrook-White friction factor using existing methods,
Reynolds number, pressure difference and hydraulic diameter (Dp) [298] must be
determined. According to conventional methods, all these calculations assume a
circular tube and methods to convert these quantitates for the case of non-circular
geometry are documented in several publications [299-301]. The conventional
definition of hydraulic diameter for a square channel is

44 7.6
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where A is the area in mm? and P is the wetted perimeter in mm. These values
were measured as part of the detailed characterization of the channel cross sectional
areas and perimeters documented in Section 7.4.1. The hydraulic diameter was
calculated according to equation 7.6 for all channels and values are reported as black
triangles on the plot of Figure 7.19. This figure shows that values of Dy, calculated
with equation 7.6 depart significantly from the expected linear relation between area
and perimeter for samples featuring small values of the area and comparatively large
value of perimeter. The channels with as-built surfaces feature a measured perimeter
approximately 30% higher than that of a nominally designed channel with smooth
walls. The plot of Figure 7.19 shows that the deviation from linearity is significant
for the points referring to as-built and AFM channels with cross-sectional areas less
than 6.8 mm?. In those cases, the value of the perimeter is much larger than the
nominal value due to the surface texture resulting from the adhered powder and
waviness, yielding a value of the Dy which deviates from the one given by the linear
trend by around 18%.

Other issues affect the deviation from the linear dependence of Dy. First, the
perimeter exhibits a higher coefficient of variation (CV) compared to the CV of the
cross-sectional area (see Figure 7.12), introducing additional uncertainty in the Dy
values. Second, using Dy with large perimeter values could further bias the estimation
of the friction factor. Since sand grain roughness (relating to surface texture in section
7.4.5) is already incorporated into the friction factor correlation, accounting for the
increased perimeter due to high roughness would effectively result in "double
bookkeeping" of the texture values.

Given the unsatisfactory ability of the conventional definition of hydraulic
diameter of correlating the cross-sectional area and the perimeter of the additively
manufactured channels, an alternative definition Dy evaluated for a square cross-
section channel is

7.7
Dy, = Y, Ameas

where Ameas IS the measured cross-sectional area, whose values for the considered
channels are listed in Table 7.5. The justification for this definition is that the Dy, for
a square channel is simply the length of a side [289], as previously mentioned. Values
of D are shown as white circles in Figure 7.19 together with their correlating
function displayed as a dotted line. The values of Dy, associated with an area larger
than 6.6 mm?, form a linear function and the values of D1 appear to be offset from
this. This observation leads to a definition of hydraulic diameter valid for square
channels that includes a texture attribute, namely

7.8
Dy, = vV Ameas — 28k

where Sk is the core texture height. This definition of hydraulic diameter
incorporating a correction term twice the surface texture attribute is similar to
definitions for determining a representative cross-sectional area in AM mechanical
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testing [302,303] and also adopted in constricted flow theory presented by Taylor et
al. [288,304]. The introduction of a texture correction term eliminates the bias
resulting from the case of a highly texture perimeter: channels with high texturing
(those with a cross-sectional area lower than 6.6 mm?) feature values of Dy that are
17% lower, with a value of the cross-sectional area which is 4.5% lower. For this
reason, the definition of hydraulic diameter provided by Equation 7.8 is adopted for
all the calculations treated in this chapter. The ratio of length (PT08-PTO03) to
hydraulic diameter is approximately 179:1.
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Figure 7.19. Hydraulic Diameter based on various definitions. Dn2 is defined by
equation 7.6, Dn: is defined by equation 7.7, and Dn is defined by equation 7.8.
The Dn2 symbols are colored according to the value of the Cd.

After an appropriate hydraulic diameter is calculated for the square channels, the
Reynolds number is determined. The Reynolds number is defined as

Dy,v
Re = h2 P' 7.9

u
where Dy is calculated according to equation 7.8, v is computed from equation
7.3, p is the fluid density, and u is defined according to equation 7.1.

The values of Re for all test runs range from 17,011 to 122,818, thus the flow is
fully turbulent. Figure 7.20 provides a plot of the values of the Reynolds number as
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a function of the mass flow rate with the symbols colored according to the velocity
range. Values referring to samples treated with surface enhancements (polished) are
plotted along with those referring to the as-built samples obtained with coarse powder
and fine powder.

11x10° ‘ e 3 -
o As-Built Fine Round Tubes
(| | © Polished Channels *e
107 a As-Built Coarse Channels AL TS @
F u As-Built Fine Channels : *
9x10* #
I <®
@
5 8x10* P 0%0
= 3 o 0. 1
E 7x10° %%(f. ®-o “I """ -
< 6x10° OF [
=] L &, [
= RS a .
E 5%10* &?&% % SE
L - L
4x10* o -
B AR i
)3 4 N [
3x10" g L g o .
L ‘ o 5P
10 g 48 l rrrrrr .
.- 0 ]
10*
0.1 0.15 0.2 0.25 0.3

Mass Flow Rate (kg/sec)

Figure 7.20. Reynolds number as a function of mass flow rate obtained from
measurements on enhanced and as-built channels. The data is colored by
velocity for samples processed with surface enhancements (polished) and as-
built samples. The Reynolds number is calculated with the hydraulic diameter
defined by Equation 7.6.

Figure 7.21 displays a chart of the pressure drop measured as the pressure
difference between the values recorded by the PT08 and PTO03 sensor as a function
of the measured . The symbols are colored according to the processing method with
which each channel was treated. As expected, differential pressure measured for the
as-built channels are the highest for all mass flow rates. The AB-54L channel features
a larger cross-sectional area, therefore the pressure drop measured for this channel is
lower than that measured for the other as-built samples. The values of differential
pressure at approximately constant mass flow rate equal to 0.069, 0.095, and 0.13
kg/sec were measured during test runs in which the venturi flow meter was employed.
The value of m is the maximum due to the resistance in the channels and lower
differential pressure.
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Figure 7.21. Pressure difference between the values recorded by the PT08 and
PTO03 sensors (Figure 7.8) as a function of the measured mi. The symbols are
colored according to the processing method with which each channel was
treated.

The same set of data used to obtain Figure 7.21 was used to obtain Figure 7.22,
but in this plot the relation between pressure drop and mass flow rate is also displayed
as a function of core surface texture, average directional waviness, and average
directional roughness. Also, the results related to average texture, Sa, were analyzed,
but the trends are similar to those valid for Sk, whereby the only difference is the
range of values, namely from 11 to 32 pm. The trends visualized in Figure 7.22 for
surface texture, waviness, and roughness are generally as expected. Values related to
the surfaces with the highest roughness and waviness correlate with the highest
pressure drop and vice versa. The core texture depth, Sk, is primary therefore it
encompasses the effect of the waviness and roughness surface attributes. The plots
indicate that both roughness and waviness affect the flow resistance, although the
effect of roughness is much stronger. This observation is corroborated by the analysis
of the Cd trends presented in Section 7.4.3.
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Figure 7.22. Pressure difference between the values recorded by the PT08 and
PTO03 sensors (Figure 7.8) as a function of the measured . The symbols are
colored according to the values of three difference measured surface texture

attributes, namely Sk, Wa, and Ra.

The correlation to determine pressure loss along the length of the channels and
valid only in case of turbulent flow requires a correlation for the friction factor. The
empirical Colebrook-White equation for the friction factor fc [286,287] is

L (2.51 4 K ) 710
Re\/ﬁ 3.7Dp,

= —2log
\/E 10

where Re is defined by Equation 7.12 and K, is the equivalent sand grain
roughness, sometimes referred to as €. Equation 7.13 requires an implicit method to
determine fc.

Moody obtained a well-known diagram based on measurements performed by
Darcy and Nikuradse showing the relationship between Reynolds number and friction
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factor depending on a relative pipe roughness [283]. The diagram was intended to
provide designers with a graphic-based means to obtain values of friction factor for
analysis. Several implicit and explicit equations to calculate the friction factor were
developed, based on the Moody diagram and other experimental data sets. A
commonly adopted explicit equation based on the Moody diagram for the calculation
of the friction factor, defined here as fu, is [298]

D -2
fu = 1.14 + 2logy, (%) 71

S

The ratio Ks/Dy in equation 7.10 (and its inverse in 7.11) is commonly known as
relative pipe roughness and it can be determined from the Moody diagram. The Ks/Dn
ratio defines the sand grain roughness relative to the hydraulic diameter of the channel
or pipe. Other researchers have proposed explicit expressions of the friction factor
[298,305]. These expressions can vary depending on the range of Reynolds humber,
thus flow regime, and on the Ks/Dy, ratio. The Swamee and Jain explicit friction factor
expression [306] is recommended for values of K,/D < 0.05 and is given by

0.25

f = )
S K 2

S
Dy, , 5.74
log Th72+Re°-9

7.12

where Re is defined from 7.12. Mileikovskyi and Tkachenko introduced another
expression for the friction factor [307], valid for a wider range of Ks/Dy, values, up to
0.65, and for Re up to 10°. This expression for the friction factor, defined in this case
as fr, is

. 1

T= 2
K 7.13
Dy, 1031

42913 " "Re

0.8284 In

The expression of Brkic and Cojbasic [308] is
K -2

S
2188 D, 7.14
=1|=2 DTy Zhe
T log\ =z 371 ||
where B is
B=1 Re 7.15
- n118161n(L). '
' In(1 + 1.1Re)
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Finally, Avci and Kargoz [309] suggested to evaluate the friction factor, termed
fa, as
6.4

24"
In(Re) —In (1 + .OlRe£ 1+10 ’£ )
Dpy Dp,

The validity of these friction factor definitions were experimentally evaluated
with a general focus on round pipes [310,311]. One of the objectives of the
experiments presented here is to characterize and determine an explicit friction factor
expression for the analysis of additively manufactured square channels, with large
variations in the surface texture.

All the expressions for the friction factor were compared regarding predictions
of the differential pressure over the square-section channels, and the Darcy friction
factor

fa= 7.16

_2AP g Dnp 7.17
D pLvz

In equation 7.17, AP is the pressure difference between two measuring ports, v
is given by Equation 7.3, p is the fluid density, g. is the gravitational constant (9.81
m/sec?), and L is the length between the locations of the considered ports. Figure 7.23
depicts how the Darcy friction factor, determined by correlating all the measured the
differential pressure data, varies with the mass flow rate. As expected, for low values
of the mass flow rate fp increases for a given of mass flow rate. fp is larger for the AB
channels and the AFM channels, for which a high density of powder particles are
present on the surface. Figure 7.23 shows the constant mass flow rate tests conducted
at 0.069, 0.095, and 0.13 kg/s, along with data sets where the flow rate is maximized.
The friction factor remains relatively constant regardless of the flow rate. The values
of fo for selected channels is represented by a horizontal line, indicating minimal
variation in friction factor with changes in flow rate (refer to Appendix, Figure 12.3).
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Figure 7.23. Darcy friction factor as a function of mass flow rate. The dotted
horizontal lines represent the same channel across the six different test runs.
The points are colored according to the measured value of the pressure
difference between pressure ports.

The values of the Darcy friction factor obtained by correlating experimental
results was evaluated against the values of friction factor calculated with the
expressions based on the surface texture (Re, Ks, and Dyy) in relation to the discharge
coefficient (Figure 7.24). These data are derived using the full-length channel value
of the differential pressure (PT08-PTO03) for each test condition. None of the friction
factor correlations obtained with Equations 7.10 through 7.16 match the values of
Darcy friction factor derived from measurements. The values obtained with
Equations 7.10 to 7.16 show similar trends across the range of Cd with a maximum
deviation between predictions of 10%. The value calculated with the Colebrook-
White correlation falls within the median range of the values calculated with the other
correlations. The plot also shows that there is discrepancy between values calculated
with all the friction factor correlations and the Darcy friction factor, with the value
calculated with surface-based friction factor correlations being lower for values of
Cd < 0.27 and higher for Cd >0.3. Based on these considerations, the Moody-derived
friction factor expression (fu) was selected for further analysis. At lower flow
resistances, values calculated with fy feature the least variance from those calculated
with the fp expression. At higher flow resistances, values calculated with the fy
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correlation are close to the mean of values computed with all other friction factor
expressions.
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Figure 7.24. Comparison of the friction factor determined experimentally from
differential pressure measurements along with friction factors calculated from
various correlations (Equations 7.10-7.16).

The friction factor correlations 7.10 to 7.16 depend on the surface roughness and
channel hydraulic diameter (Ks, Dn2) along with Re. Ks is not representative of
surface roughness, or of surface texture, which can be directly measured. A possible
assumption for the evaluation of surface roughness is that it is defined as the average
directional roughness, Ra, since this is the most commonly measured. However, this
parameter is insufficient to fully characterize texture, and other surface texture
attributes are discussed in Section 7.4.5. Adams et al. [312] proposed a constant value
of 5.863 for the Ks/Ra ratio. Similarly, Forster recommended a value of 7 for K /Ra
[313], while Koch and Smith suggested a value of 6 [314]. The value of 5.863 was
initially used to convert Ra to a Ks for the data presented in Figure 7.24. However,
other authors have argued that a single Ks parameter is insufficient [305,315]. This
deficiency is evident in Figure 7.24 where variations in surface texture led to changes
in flow resistance and deviations in the friction factor correlations compared to the fp
correlation.
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The correct characterization of the roughness of a surface is crucial for
determining differential pressure along fully turbulent flow through a channel
because the viscous sublayer and roughness sublayer are disturbed and deflected by
the surface texture. The height and spacing of the roughness and waviness alters the
contribution to the drag and pressure losses in addition go thickening the boundary
layer further constricting the flow. Figure 7.25 shows that similar values of
differential pressure may result from largely different Reynolds numbers and velocity
values. This observation is consistent with that of Kadivar et al. [305] that the
pressure drop is unaffected by fluid viscosity and velocity, if the peaks of the surface
texture penetrate the roughness sublayer. The height of the roughness sublayer can
be as much as 2 to 5 times the diameter of the sand grain roughness, Ks [316]. As
presented in Chapter 6, the surface texture that results in the Ks is complex and
comprises both micro roughness and macro waviness, therefore these surfaces must
be fully characterized, and new correlations determined.
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Figure 7.25. Reynolds number as a function of the differential pressure. The
data points are colored by the mean velocity.

7.45 Sand Grain Roughness

The definition of sand grain roughness is related to the experiments of Darcy and
Nikuradse: sand was bonded to internal pipes using an adhesive or lacquer in order
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to obtain a prescribed level of internal surface roughness [284,285]. The exact cross-
sectional surface texture from these experiments is not known, but they are commonly
represented as shown in Figure 7.26 (left). The surface roughness was obtained by
measuring the diameter of a sand grain or evaluated by means of contact-type
profilometers. Capillary action between the lacquer and sand grains applied to the
pipe surface likely created small radii and captured the sand grains, so using the sand
grain diameter is also an incorrect hypothesis. While sand grain roughness may
appear similar to the roughness of a surface resulting from additive manufacturing,
as in the case of a surface generated with the LP-DED process with its adhered
powder particles, experimental data sets [305] indicate that the two surfaces are quite
different, as evident from the images of Figure 7.26 (right). The microscopic shape
of the surface resulting from the LP-DED process is made of both smooth and sharp
irregularities due to waviness and roughness, and a combination of both. The
resulting flow from these irregularities can result in trapped eddies at sharp transitions
or pockets, vortex shedding, and crests that protrude into the boundary layer [317].

Additively Manufactured
LP-DED Surfaces

S e e

Sand Grains

{

Lacquer—D | | LI

Figure 7.26. Left: schematic representation of sand grains attached to the pipe
surface with and without glueing lacquer as in the experiments of Darcy and
Nikuradse [284,285]. Microscopic image of the surface texture resulting from

LP-DED manufacturing, showing both roughness and waviness.

The reason for the deviation between values of the friction factor computed with
predictive equations and those based on measured differential pressures is further
elucidated with the help of Figure 7.27, indicating the percent deviation in the friction
factor (Af) at three fixed flow rates. As the differential pressure increases due to the
velocity rise from the increased mass flow, the experimental friction factor remains
nearly constant across each channel. The maximum coefficient of variation (CV) of
fp at the three fixed flow rates is 5.8%. The average CV across all channel samples is
1.6%, with a median CV of 1.1%.
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Figure 7.27. Percent deviation between the experimentally determined fo and
explicit fm plotted with differential pressure. The points indicate the fixed mass
flow rates when the venturi was installed.

To determine the appropriate conversion from the measured surface texture
to sand grain roughness, an equation is solved iteratively for the sand grain roughness
factor (Kg) as shown in Equation 7.18. This method uses the fp from Equation 7.17,
which is based on the measured pressure drop, as a known variable.

D 2
fo ~ fun = 1.14 + 2logs, (ST—"ZKF) 718
where St is the measured surface texture/roughness (i.e., Ra, Pp, Sa, Sk), and K¢
is the sand grain roughness factor. An iterative optimization was run for each data set
that modified the Kr until the difference between fu1, the new friction factor, and fp
was within 0.1%. The St - K value is then equal to Ks.
To incorporate K into friction factor correlations, Stimpson suggested using
a parameter to normalize the value of the sand grain roughness with the hydraulic
diameter (Ks/Dn) which allows for a comparison to the mean directional roughness
(Ra/Dn) [108]. However, Stimpson only considered L-PBF as-built channels with
rough texture variations, which did not include any partially or fully polished channel
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data. Wildgoose used a similar method to normalize additional data sets using Ks/Dh,
but again with as-built L-PBF samples and no polishing [300]. Wildgoose omitted
Ra/Dy values below 0.007, which is the ratio of interest for this current experiment
using surface enhancements. Stimpson and Wildgoose employed micro-CT scanning
to obtain the roughness parameters. While micro-CT could measure features as small
as 30 um, the uncertainty estimated for Ra was 4 um.

Figure 7.28 presents the experimental data for various surface enhancement
methods, showing the sand grain roughness (Ks/Dn2) and surface roughness/texture
(St/Dn2) normalized with the hydraulic diameter. In each plot, Ks/Dn, remains
constant, as it is directly calculated to equate fum1 with fp in Equation 7.18. The
normalized surface texture measurements (Ra/Dnz, Pp/Dn2, Sa/Dnz, Sk/Dn2) vary,
filtering different surface features like roughness, waviness, and extreme peaks and
valleys. Optimization based on mean filtered roughness (Ra) shows the least error
with a linear fit, which is unexpected given its poor correlation to flow resistance as
described in Section 6.5. The primary profile (Pp), a directional measurement
including full texture, shows some linearity, but the slope plateaus at Pp/Dn; of 0.05.
The average areal texture (Sa) and core texture depth (Sk) exhibit some linearity but
with greater scatter.
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Figure 7.28. Sand grain roughness (Ks/Dn2) as a function of the surface
roughness/texture parameters (St/Dn2) normalized by hydraulic diameter. The
points are colored according to the measured roughness or texture values
indicated for Ra, Pp, Sa, and Sk.

The correct prediction of the friction factor is essential for the design of heat
exchanger channels; therefore the value of Ks must be determined, which in turn
requires the value of Kr. Figure 7.29 displays a plot of the values of Kr as a function
of the measured surface texture/roughness parameters. Regardless of the surface
texture/roughness parameter, the absolute Ks value can be computed with the value
of fp. Based on the various surface texture/roughness parameters the range of Ks is
4.8 to 167 £0.26 um, corresponding to the enhanced samples and as-built,
respectively. Ra and Sa, defined as average values, fail to capture the peak-to-valley
range of the entire surface profile, leading to a broader range for Ke. Averaging all
Ra values, as shown in Figure 7.29, yields a Ke value of 4.8. In comparison, the range
suggested in section 7.4.4 is 5.863 to 7. Other researchers suggested a Kg of 0.2 to
0.4 for ground or machined surfaces [318], which aligns with Ra in the 3 to 5 um

Chapter 7—175



Chapter 7

range. Based on these observations and as made evident by Figure 7.29, the value of
Kk is directly related to the roughness/texture and it cannot be assumed as a single
constant.

The value of K for the Pp is much lower and its average value is 0.66. This is
expected since it represents all profile features including roughness and waviness and
is unfiltered. As Pp approaches as a value of 110 um, indicative of as-built surfaces,
the Kg approaches a value of 1. This observation provides some evidence that Pp
could be used as a first-attempt approximation of the value of Ks when the surface is
left in the as-built condition. The K related to Sa is lower than for Ra because the
measured texture across the entire surface, with higher peaks and valleys, is captured.
The average value of Keis 0.84 related to Sk and indicates a linear trend with the
absolute Sk. As-built roughness channels display a plateau in both Sa and Sk, but the
friction factor remains relatively unchanged, suggesting the peak roughness sublayer
may have been reached.
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Table 7.7 provides the linear equations in terms of the Ks/Dn ratio for the
computation of the texture parameters resulting from the fitting of the experimental
data. A linear fit of the Ks/Dn, to the Ra/Dy, parameter indicates a coefficient of
determination of 95%. The primary profile (Pp) texture parameter revealed the
highest proportional variance at 85.7%. The coefficient of determination for the Sa
texture parameter was 88.2% and Sk at 90.1%.
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Table 7.7. Summary of the linear fit of Ks/Dn2 for texture parameters Ra, Pp,
Sa, and Sk based on the data sets from Figure 7.28.

Texture . .
Parameter Linear Fit for Ks/Dn2
Ks Ra
Ra — =10.535—-10.0169
Dy, h2
p Ks 135172 _ 00156
p — =1, L
Dy Dy
Ks Sa
Sa — =7.3534——-0.032
Dy, h2
Ks Sk
Sk — = 2.4545——-10.033
Dy, h2

7.4.6 Friction Factor Correlation and Mechanism

This section summarizes the data used to calculate the friction factor based on a
new correlation (Equation 7.11 and Table 7.7) and hydraulic diameter expression
(Equation 7.8). The surface profile characteristics and distinct texture types are
presented in relation to their correlation with the experimental friction factor.

Using the linear fit of Ra from Table 7.7, a correlation for fm was developed and
results are presented in Figure 7.30. The values calculated with the new correlation
(reported as circles), show improved accuracy by over 20% compared to the prior
correlation (shown by triangles), which used a constant value of Ks. This new
correlation also expands the applicable range of surface textures, as previous studies
only considered fully rough, as-built tubes or channels. The new correlation becomes
less accurate when the friction factor falls below 0.03, as surface roughness and
waviness decrease. At this transition, calculating Dy (indicated by squares on Figure
7.30) using the traditional definition of hydraulic diameter (4A/P) may be more
appropriate with the new linear fit model for Ks/Dno. Several datasets at f <0.3, not
shown in Figure 7.30, produced negative values for Ks when using Dr.. Switching
to Dy, corrects these negative values, but the predicted f may still be lower than the
experimental values, as shown by the shift between Dy, and Dy, predictions.
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Previous chapters defined the surface texture is the result of randomly distributed
adhered powder particles contributing to roughness, as well as of melt pool
undulations and of build layers causing periodic and random macro waviness. The
orientation of these surface features (treated in Chapter 4) relative to the flow
direction affect the value of Ks. The channels utilized in the experiments described
here were fabricated by depositing layers while moving the deposition nozzle in the
vertical direction, therefore surface roughness is caused by randomly distributed
particles and directionality is inconsequential. The direction in which the waviness is
measured should be based on the direction of the flow and not the direction of the
build. In this experiment, with the deposition in the vertical direction the macro-
waves are perpendicular to the flow direction.

To establish the mathematical relationship between the surface texture
parameters and the friction factor, as well as the pressure drop, the experimental data
were limited to those related to channels having a mean flow areas of 6.64 mm?
+10%. Figure 7.31 presents a chart showing values of Darcy friction factor as a
function of the measured maximum roughness peak height and maximum waviness
height. The plot indicates that the roughness peaks, primarily due to the adhered
powder particles, are the main cause of the variation of the friction factor. Adhered
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particles increase flow resistance by destroying the laminar sublayer within the
boundary layer through the formation of eddies. However, Figure 7.31 also indicates
the combined effect of the roughness peak height and maximum waviness height to
achieve a friction factor lower than 0.05. As the powder-induced peaks are
eliminated, the valleys resulting from the waviness cause flow recirculation that
results in local velocity gradients.
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Figure 7.31. Maximum Peak Height (Rp) compared with maximum waviness
height (Wz) for channel areas = 6.64 mm? +10%, i = 0.13 kg/sec. The data sets
are colored according to the fp.

To assess the contributions of the valleys, a 3D functional texture parameter
called void volume was evaluated for all channels. The void volume represents the
space contained within surface texture that can trap fluid, defined as the volume
between all peaks and valleys relative to an idealized flat plane fitted at the highest
points of the surface (refer to Figure 7.14). This plane can then be offset in the Z-
orientation (moving -Z towards the bottom of surface) to evaluate the peaks, core
texture, and valleys. The void volume is normalized based on the volume per unit
area, with units pm3/um?2,

Figure 7.32 displays the comparison of the roughness maximum profile peak
height (Rp) with the dale void volume (Vvv). The VVvv of the as-built samples have
a range of 2.7 to 4.6 pm3/um? due to heightened peaks and extreme valleys, often
caused by adjacent particles; this is 61% of the total range shown on the plot. As
surface enhancements reduce the roughness peaks and corresponding void volume,
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flow constriction and surface friction also decrease. The data suggest that an ideal
void volume below ~2.3 pm3/um? is necessary to achieve a friction factor under 0.04.
To approach a friction factor of 0.03, both peak removal nearing planarization and
valley reduction are essential.
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Figure 7.32. Maximum peak height (Rp) compared to the dale void volume
(Vwv) indicating the remaining valleys; channel areas = 6.64 mm? +10%, rh =
0.13 kg/sec. The data sets are colored according to the fo.

To reduce the friction factor, several surface texture attributes must be properly
controlled during the channel processing, as indicated by the observed data. Figure
7.33 shows the comparison of the primary profile peak height (Pp) with the fo. The
primary profile incorporates both roughness and waviness surface attributes that
affect the friction factor based on both roughness height and length scales. One of the
values (CMP-B8) was identified as an outlier due to an erroneous Pp measurement
and is not shown. The variation in the surface profile correlates to four distinct texture
types and their corresponding reduction in the experimental friction factor: 1)
roughness peaks, 2) peak smoothing/reduction, 3) minimized roughness and
combined waviness and 4) valley reduction. These regions were selected arbitrarily
based on the data set groupings observed in Figure 7.33 and their corresponding fp.

The region labeled ‘Roughness peaks’ is characterized by adhered powder
particles that cause the highest friction factor. These peaks must be completely
removed to reduce the friction factor. They significantly disrupt the roughness
sublayer, increasing drag due to turbulent eddy structures [319], and causing flow
recirculation in deep valleys. As a result, the flow area becomes constricted, with fp
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exceeding 0.07, likely due to the roughness sublayer extending into the outer layer.
Perry et al. suggest that eddies can match the roughness height, extending into the
core flow and further restricting the flow area [317]. The as-built channels and many
AFM processed channels include roughness peak features. The Pp must be reduced
by 36% by eliminating the powder induced roughness peaks before peak smoothing
is present and the friction factor is reduced by 25%. The region labeled 'Peak
Smoothing/Reduction' on Figure 7.33 indicates partially removed, rounded, and
sometimes smeared peaks on the surface, resulting in an fp of 0.06 +0.01. SEM
images in section 7.4.1 reveal remnants of adhered powder particles on the surface of
the AFM-processed channels. The surface exhibits smeared or reduced peaks, where
partial particles blend into the subsurface. These features correspond to a ‘peak
smoothing and reduction’ (as indicated in Figure 7.33), but residual particles are still
present.

To further reduce surface friction, roughness peaks must be fully eliminated and
macro waviness reduced, as indicated in the 'Minimized Roughness/Combined
Waviness' region in Figure 7.33. Achieving surface planarization requires the
complete elimination of all powder particles resulting in a reduction of the peak
profile by 30% to obtain a friction factor below 0.05. The depth of the roughness and
waviness peaks and resulting flow micro-eddies, can exacerbate the flow constriction.
These eddies are influenced by the height and spacing of the roughness and waviness
peaks. Section 6.5 ascertained the combination of peaks and density contribution to
flow resistance. This aligns with Coleman's research on discrete geometric ribs
causing variations in flow disturbances based on the distance between ribs [320].
Therefore, the complete removal of powder particles and the reduction of the spatial
waviness peaks are crucial.

Minimizing the surface peaks and reducing macro waviness leaves minor valleys
present on the surface. At this surface condition, the minor peaks and associated
valleys likely become submerged in the sublayer flow, exerting minimal influence on
skin friction [318]. The primary profile shows an average reduction of 27% when
transitioning from the ‘minimized roughness/waviness’ to the ‘valley reduction’
region. Figure 7.33 shows the primary profile reduction as an exponential curve,
correlating with the friction factor reduction, where minimal material removal from
waviness causes only slight changes in the friction factor.
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Figure 7.33. Surface attributes affecting reduction of the friction factor. The

color of the symbols is associated to the surface enhancement process as listed

in the legend. Right: The cross-section microscopic images are representative
of the surfaces for each of the enhancement processes.

Modifying the surface through material removal is essential to achieve a planar
surface to minimize flow friction. Heat exchangers are designed to meet performance
targets based on mass flow rate, pressure drop, and heat transfer coefficient. This
research focuses on specifying an as-built geometry, where surface alterations ensure
the intended geometry and flow conditions are met. To achieve this, the required
material removal must align with the heat exchanger's technical specifications and
surface conditions (as shown in Figure 7.33). Technical merit should also include
processing economics; excessive material removal leads to wasted powder feedstock,
longer LP-DED build times, and extended post-processing, while insufficient
removal results in high differential pressure, potentially missing performance targets.

Figure 7.34 illustrates the value of material removal per side as a function of the
Dale void volume measurement. The CM process exhibits the highest material
removal (over 90 um), leading to the largest cross-sectional area but failing to achieve
the lowest fo. While CM is effective at removing powder particles and reducing
partial waviness peaks, it does not fully planarize the surface by removing valleys. In
contrast, CMP effectively reduces waviness peaks through abrasive media polishing,
which also minimizes valleys, as shown by the reduction in VVvv (Figure 7.34).
Removing 60 um of material per side, combined with planarization, results in a
friction factor of 0.03. Targeting material removal of 84 um (a 40% increase) reduces
the fp by an additional 7%, bringing it down to 0.028.
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The AFM process reduces surface friction with minimal material removal (less
than 25 um), but results in a fp exceeding 0.05. Further reduction of the friction factor
may be possible with increased slurry pressure, flow rate, resulting in more
aggressive abrasive milling. While CM minimizes tooling and overall costs compared
to AFM and CMP, all processes can be used to modify surfaces and adjust the friction
factor based on end-use requirements. Future work may explore a combination of
techniques to minimize material removal while effectively reducing surface
roughness and waviness.
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Figure 7.34. Material removal per side and dale void volume compared to the
Darcy friction factor. The symbol markers indicate the surface enhancement
process and data sets are colored according to the fo.

7.5 CONCLUSIONS

This chapter presented the results of flow testing for 600 mm length channels,
representative of LP-DED heat exchanger square channels. The effects of three
surface enhancement methods—abrasive flow machining, chemical milling, and
chemical mechanical polishing— on the fluid dynamic performance of heat
exchanger channels were compared. As-built channels were used to determine the
performance benchmark. All the built and tested channels feature square a cross
section measuring 2.54 x 2.54 mm. The channels were fabricated from the NASA
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HR-1 (Fe-Ni-Cr) alloy because the application is the cooling system of rocket
nozzles, however results are applicable to heat exchangers realized with the LP-DED
process in general.

Flow testing was conducted at various mass flow rates to characterize the
pressure drop for each channel. Following experimental testing, the sample channels
underwent destructive evaluation, whereby inner surfaces were characterized using
SEM, optical microscopy, and optical surface texture analysis. Based on this detailed
study, a friction factor correlation was developed. The correlation includes
texture-dependent parameters which in turn relate to equivalent sand grain roughness.
The sand grain roughness, originally based on the experiments of Darcy and
Nikuradse, is commonly used for friction factor correlations. However, surfaces
produced by the LP-DED process are more complex and cannot be characterized with
sand grains values.

The following conclusions can be drawn:

e Surface enhancements significantly reduced boundary layer turbulence by
eliminating adhered powder and planarizing the surface, resulting in a
tenfold reduction in pressure drop.

e The surface enhancement techniques [abrasive flow machining (AFM),
chemical milling (CM), and chemical mechanical polishing (CMP)] produce
distinct surface attributes (peaks and valleys associated with roughness and
waviness) due to differences in the way material is removed, thus surface
flow drag is different.

e The surface texture was varied across the channels using enhancements
applied to the as-built surfaces. The filtered Ra ranged from 3.6 to 19.3 um,
primary Sa ranged from 11.3 to 31.6 pm, primary Sk ranging from 33.9 to
99.8 um, and Pp from 31.4 to 152.3 um.

e A new definition of hydraulic diameter, dependent on the value of the
characterized cross-sectional area and core surface texture (Sk), has been
proposed and validated with experimental data. This definition reduces the
error associated with traditional definitions of hydraulic diameter, which
depend solely on cross-sectional area and perimeter. This new expression of
the hydraulic diameter allows to overcome the large error due to the strong
biases occurring in the case of highly textured surfaces. For example, the
value of the actual perimeter of the cross-section of as-built channels is
widely different from its design value, which assumes a perfect geometry,
free from any irregularity.

o None of the friction factor correlations documented in the literature provide
values that match those computed with the Darcy friction factor obtained
from measured differential pressures, including the Colebrook-White
correlation. A new friction factor correlation was obtained by modifying
the sand grain roughness expression and that of the hydraulic diameter so as
to take into account microscopic surface features. The predictive capabilities
of the new correlation has been validated.

e The variation in the surface profile correlates to four distinct types of texture
and relates to the reduction in the experimental friction factor: 1) roughness
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peaks, 2) peak smoothing/reduction, 3) minimized roughness and combined
waviness and 4) valley reduction.

A method was developed to predict sand grain roughness based on variations
in the surface texture and associated areal and directionally measured values.
The proposed method for characterizing equivalent sand grain roughness
calculates friction factor values with less than 20% deviation from the
experimental data, whereas values calculated using other correlations in the
literature deviate by approximately 50%.

The primary profile, which considers surface roughness and waviness,
provides a reasonable first-order approximation of equivalent sand grain
roughness for as-built surfaces.

The average directional roughness normalized by hydraulic diameter
(Ra/Dh) provides the best fit for determining the equivalent sand grain
roughness from experimental data.

Optimal material removal is essential to eliminate roughness peaks and
planarize waviness. Abrasive methods effectively achieve planarization,
whereas chemical milling does not allow for waviness to be completely
eliminated. A minimum removal thickness of 60 um per side is necessary to
achieve a friction factor below 0.03. Removing 84 um of material (40%
more than the minimum) resulted in a further 7% reduction in friction factor.
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Summary and Recommendations

8.1 MAIN FINDINGS AND CONCLUSIONS

The research documented in this thesis concerns the laser powder directed energy
deposition (LP-DED) process for fabricating large-scale compact heat exchangers.
With an upper limit for the build volume that is over 17 times larger than the largest
possible with powder bed fusion machines (as of 2024), LP-DED enables the
fabrication of large and highly complex parts, enhancing performance, part
consolidation, and the ability to process novel alloys. This investigation encompassed
comprehensive characterization and experimental testing of LP-DED-fabricated
microchannels, as well as post-process surface enhancements, focusing on critical
surface texture and its impact on fluid flow. The findings are essential to bring to
widespread adoption of a manufacturing solution that addresses challenges related to
consistent geometry, wall thickness, and high surface texture, establishing LP-DED
as a viable technology for current and future heat exchanger fabrication. To
summarize the main results, each key research question is addressed separately in the
following.

RQ 1: How is the surface texture of heat exchanger
microchannels affected by the LP-DED fabrication process?

The surface texture of LP-DED walls is influenced by the build process
parameters and feedstock including input power, travel speed, layer height, powder
feed rate, and powder size distribution. Chapter 3 and Chapter 4 address this research
question by treating experiments and the destructive evaluations of samples which
enabled the full characterization of the relationship between process parameters,
geometric constraints, and the mechanisms causing the surface texture. The focus was
on the reduction of the as-built surface texture, which is five to seven times rougher
than that of traditionally machined surfaces. Fine powder was shown to reduce
surface texture but resulted in larger variations of surface texture and bulk density
compared to coarse powder. Geometrical studies revealed that wall angles exceeding
30° require stiffening or supports to prevent failure, with surface texture largely
influenced by powder adherence and melt pool irregularities.

The characterization of the surface texture resulting from LP-DED requires the
identification and measurement of key parameters. These include both those deriving
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from 3D areal surface measurements and 2D directional (legacy) measurements,
filtered according to the necessary surface topography and ISO standards (1SO 4288-
1996 and ISO 25178-2:2021) which provide information about primary texture,
roughness, and waviness. The study evaluated: average texture (Sa), core roughness
(Sk), peak height and valley depth (Spk, Svk), skewness (Ssk), kurtosis (Sku), and
directional parameters including average, maximum height, and peak roughness (Ra,
Rz, Rp, Rpk), primary, average, and maximum profile (Pp, Pa, Pz), and average and
peak waviness (Wa, Wp). The assessment and analysis of these parameters led to the
conclusion that while many standard height (amplitude) parameters were relevant for
comparing deposition processes, a more detailed characterization, combining
amplitude and functional parameters (Sk, Vvv), and material ratio (Spk, Spd), is
necessary to fully evaluate surface topography and correlate it with flow
performance.

The build process is significantly influenced by several key parameters. The
study reported in Chapter 3 focused on the production of boxes with 1 mm wall
thickness. The as-built inner and outer surfaces were characterized by varying
machine parameters and powder sizes. Critical machine parameters included motion
control, laser and optics, and powder feed and deposition. All build parameters were
evaluated using a design of experiments (DOE) to understand contributions to surface
texture and interactions. Key build parameters that were identified were input power,
travel speed, layer height, powder feed rate, and powder size distribution. Fine
powder (10-45 pum) and coarse powder (45-105 pum) feedstock made through rotary
atomization were used. Destructive characterization of samples revealed that 3D areal
and 2D profile surface texture correlate with twice the measured powder diameter or
with the diameter of partially melted powder at the melt pool's trailing edge.

Several adjustments can be made to the LP-DED technique to enhance the build
process and improve surface texture. Surface roughness stems from excess or
partially melted powder adhered to the trailing edge of the melt pool in addition to
melt pool irregularities. Fine powder (10-45 um) reduces average surface texture by
23% compared to coarse powder (45-105 um) but results in a higher degree of
variability of the texture. Inner surfaces exhibit higher roughness due to ricochets and
recirculation, particularly in thin-wall depositions where powder efficiency is
reduced to 10-20% (i.e., only 10-20% of the blown powder is captured in the melt
pool). Analysis of variance indicated that powder size, layer height, and their
interaction accounts for 90% of inner surface roughness and 95% of outer surface
roughness. Fine powder also resulted in lower overall porosity (0.03% +0.01%)
compared to coarse powder (0.13% +0.07%).

To minimize waviness and achieve uniform surfaces, optimal parameters include
a lower laser power (<333 W), higher layer height (<0.28 mm), increased travel speed
(800 mm/min), and increased powder feed rate (24.2 g/min). Specific optimal
parameters for minimizing surface roughness are fine powder, laser power of 350 W,
powder feed rate of 23 g/min, travel speed of 762 mm/min, and a low layer height of
0.229 mm. Although these settings reduce surface roughness, process economics
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must also be considered. When the layer height is decreased by 10%, the build time
increases by 17%, while the roughness only increases by 6% (+1 pm).

Chapter 4 describes a study devoted to examining how varying geometries,
particularly angles and channel sizes, affect surface texture in case coarse NASA HR-
1 powder is employed. Several enclosed vertical tracks with a target wall thickness
of 1 mm and inclination angles up to 45° were fabricated and characterized.
Evaluations focused on wall thickness, as-built microstructure (resulting from the
melt pool), and surface texture, including waviness and roughness. Walls with angles
up to 30° built successfully, but greater values of the angle may result in build failure,
potentially requiring the stiffening of the adjacent wall for structural integrity. It was
showed that wall thickness increases exponentially for values of the inclination angle
above a 30°. Surface texture is primarily influenced by excess powder adherence,
melt pool irregularities causing material droop, and excess material, which becomes
excessive at angles above 30°. For downskin surfaces, the mean roughness decreases
with increasing wall angle, while upskin roughness peaks at 20° and then gradually
reduces as powder adheres within valleys. Both downskin and upskin textures are
dominated by irregular waviness caused by the melt pool. The samples featured
crack-free, low-porosity (<0.14%) material at all considered angles.

Primary areal surface texture (Sa) increases with wall angle due to surface
irregularities caused by the melt pool and material droop, with peaks more dominant
on the downskin surface. Waviness and wall thickness also increases with wall angle
due to chaotic surface irregularities due to material droop on the downskin. Upskin
waviness results from excess material deposition above the nominal melt pool, driven
by direct particle impingement and remelted material flow. Proper filtering of texture
measurements was essential to segregate roughness and waviness, as improper
filtering could lead to incorrect conclusions about texture mechanisms. A Ac of 0.8
mm is an appropriate cut-off filter for these thin-wall samples. As the angle increases,
the filtered average areal and directional surface roughness (Sa, Ra) of the downskin
surface significantly decreases, contrary to what was observed in relation to L-PBF
processes. The upskin surface roughness increases with particle count, peaking at 20°
and then decreases as adhered powder fills voids at higher angles.

A correlation for estimating wall thickness was developed using data obtained
from measurements performed on angled samples. Results from single-pass angled
walls indicated that the directional maximum profile height (Rz) could be estimated
using the maximum particle size distribution, with only particles smaller than 85 pm
adhering to the downskin surface at angles above 35° due to higher rebounds and
recirculation. The stair-stepping typically observed in surfaces resulting from LP-
DED was not detected with a layer height of 0.254 mm and remelting of 4-5
previously deposited layers.
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RQ 2: What are the geometrical relationships and
sensitivities affecting fluid flow performance if heat
exchanger channels are manufactured with the LP-DED
process?

The geometrical relationships and sensitivities affecting fluid flow performance
include the cross-sectional area, perimeter, and surface texture characteristics
including roughness and waviness. Surface characteristics result from roughness
peaks and valleys, waviness peaks and valleys, and the frequency, or density, of these
features. Fluid flow performance was evaluated experimentally by varying the flow
rate and measuring the flow resistance (discharge coefficient) and pressure drop
along the channel length. Various surface finishing techniques, such as abrasive flow
machining (AFM), chemical milling (CM), chemical mechanical polishing (CMP),
electrochemical machining (PECM), and thermal energy method (TEM) were applied
to modify the internal surfaces. The microchannel samples used for these experiments
were fabricated from the NASA HR-1 Fe-Ni-Cr alloy. The friction factor estimated
from samples featuring as-built surfaces is 0.097+0.00028, while surface
enhancement techniques reduce it to 0.023+0.00033. Destructive evaluation of
channels following testing provides the opportunity to derive critical insights into
surface texture and geometry if tools like optical microscopy, SEM, and CT scanning
are used for detailed analysis.

Surface texture parameters, including areal and directional characteristics, are
instrumental in identifying peaks, valleys, and their densities as they relate to
microchannels. Directional measurements are sensitive to the location of the profile
line along the sample length, which can result in variations in peaks or valleys. In
contrast, areal measurements are affected by less error because the entire surface is
involved in the measurement. Notably, Sp indicates high variation since it is based
on a single peak value across the surface. This highlights the importance of using
reduced peak height (Spk) and core roughness (Sk) to avoid bias toward the value of
a single peak height.

Microchannels produced through LP-DED can be used in their as-fabricated
condition, but they may not meet the pressure drop requirements of many heat
exchangers depending on their applications. Surface texture variations, such as
powder adherence, melt pool undulations, and polishing mechanisms, significantly
affect fluid flow performance. The experimental flow test results presented in Chapter
6 and 7 indicate that as-built surfaces cause high flow resistance due to powder
adherence, which diminishes with material removal. Adhered powder particles
increase flow resistance and disrupt the flow boundary sublayer causing the
formation of micro-scale eddies. The discharge coefficient analysis put into evidence
that 65% of the flow resistance variations are due to area alterations, 8% to perimeter
changes, and 25% to surface texture.
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Surface enhancement processes aimed at improving the discharge coefficient
must reduce surface roughness, waviness peaks, and their frequency. A minimum
surface material removal of 50 um is required to reduce the mean friction factor by
more than 30% while removing 70 um, equivalent to the mean powder diameter, can
reduce the mean friction factor by more than 57%. Post-processing steps such as
eliminating adhered powder and planarizing surface peaks and valleys are critical to
reducing friction factors and flow resistance.

The differential pressure along the length of LP-DED microchannels is caused
mainly by roughness peaks, but other surface characteristics play an important role
in the reduction of the friction factor below 0.05. Therefore, peak
smoothing/reduction, roughness minimization, and combined waviness/valley
reduction are critical to reducing the friction factor. Effective heat exchanger
microchannels rely on accurate predictions, and detailed characterization validates
the assumptions. The ratios between roughness and waviness peaks and densities
(Spk/Spd and Wp/WPc) are proposed therefore as one of the key parameters for
surface characterization as they are directly correlated to flow resistance.
Additionally, values of the dale void volume (Vvv) can be used to detect where fluid
could be trapped inside the surface valleys. Moreover, Vvv correlates with the
reduction of friction factor. The analysis of Vvv over the surface can be used to
identify the location of the transition from roughness-dominated to waviness-
dominated surface effects, thus it can guide the design of material removal processes
aimed at optimizing flow resistance.

RQ 3: What improvements can be made to control the
surface texture of thin-wall LP-DED internal microchannels?

The ability of controlling the surface texture of thin-wall internal microchannels
allows to effectively design flow passages complying with a specified friction factor.
These surface improvement processes must be controlled in terms of the detailed
characteristics of the surface texture and repeatability. It is of paramount importance
that associated predictive models for the estimation of the relevant surface parameters
are available.

Several post-processing techniques were evaluated using 600 mm-long sample
channels, namely abrasive flow machining (AFM), chemical milling (CM), and
chemical mechanical polishing (CMP). These techniques reduce texture by
eliminating partially and fully adhered powder, minimizing waviness, and achieving
planarization. Detailed characterization of resulting surfaces, in relation to process
parameters, revealed different characteristics, including remnant powder, jagged
edges, crystals, scratches, pitting, and selective grain boundary attack. Material
removal varied among the considered enhancement techniques, with CM and CMP
being the most effective in this regard, allowing the elimination of a layer of up to
355 um per side. The increased cross-sectional area considerably reduces the pressure
drop over the length of the channel, which is also due to the decrease of boundary
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layer turbulence. However, material removal should be minimized to avoid the cost
of excessive processing time. Maximum material removal does not result in the
lowest friction factor.

It was further demonstrated that surface enhancements produce distinct surface
attributes, affecting surface-induced drag differently in relation to the variations in
material removal mechanisms (i.e., chemical and abrasive), which in turn result in
different surface characteristics in terms of peaks and valleys. Channel surface
conditions varied widely if comparing as-built surface to enhanced surfaces, with
filtered Ra ranging from 3.6 to 19.3 um, primary Sa from 11.3 to 31.6 um, primary
Sk ranging from 33.9 to 99.8 um, and Pp from 31.4 to 152.3 um. These variations in
texture result in values of the friction factor ranging from 0.097 to 0.023. These large
variations indicate that, while the techniques can be effective, the aspect of
repeatability needs to be carefully addressed to ensure uniform results.

The coefficient of variation was used to evaluate the consistency of surface
enhancement results along the length of the microchannels using data from three
distinct cross-sections. Variation in perimeter and area was attributed to random
error, with a maximum cross-sectional area error of 2.5%, the same for all considered
post-processing techniques. Perimeter error varied more than cross-sectional area,
driven by randomly adhered powder on the internal channel walls. AFM processed
channels featured the highest perimeter variation, namely 6.2%; CM samples
exhibited consistent perimeter variation, lower than 2.8%; the perimeter variation of
CMP samples was within 1.9%. These values indicate significant improvement of
surface texture, as the as-built samples featured a perimeter value that was 26%
greater than the nominal value (the design specification).

Differences between hydraulic diameter values estimated with analytical
methods and values determined by means of experimental flow data highlight the
need for improved models, as those presented in this thesis. Traditional hydraulic
diameter correlations do not account for the impact of surface texture of its value,
leading to significant errors due to the much higher value of the actual perimeter. A
new method for calculating the hydraulic diameter (Dy), which is made dependent
also on the values of the as-fabricated area and of the core surface texture (Sk), has
been proposed and validated. The correlation improves the accuracy of the friction
factor prediction to within 20% of the value obtained with experimental data,
compared to 50% of the previous methods.

None of the existing friction factor correlations, including the Colebrook-White
correlation, can correctly predict the value of the Darcy friction factor obtained from
experimental data. Using the newly proposed hydraulic diameter definition, a
modified sand grain roughness correlation was developed in order to predict values
associated with surfaces with different textures. This method, accounting for surface
roughness and waviness, provides a more accurate prediction of the equivalent sand
grain roughness (KS) and of the resulting friction factor. Experimental data showed
that the average directional roughness normalized by the value of the hydraulic
diameter (Ra/Dy) provided the best fit for determining equivalent sand grain
roughness, in agreement with experimental observations. Additional linear fit
methods incorporated surface texture parameters Pp, Sa, and Sk and normalized by
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Dh. It was also observed that Pp, which accounts for the effects of surface roughness
and waviness, provides a reasonable first-order approximation of the equivalent sand
grain roughness for as-built surfaces.

In summary, being able to control the surface texture of thin-wall internal
microchannels manufactured with LP-DED requires a combination of effective post-
processing techniques and improved modeling correlations. The driving mechanisms
of surface texture affecting friction factor reduction were identified, including
roughness peaks, peak smoothing/reduction, minimized roughness and combined
waviness, and valley reduction. Abrasive methods like CMP allow to achieve a high
level of planarization, whereas chemical milling leaves macro waviness remnants. A
minimum removal thickness of 60 um per side is necessary to achieve a friction factor
below 0.03, with diminishing returns observed below this threshold. Removing 84
pum of material (40% more than the minimum) resulted in a further 7% reduction in
friction factor.

8.2 KEY INNOVATIONS

The research work has contributed to the body of knowledge on the general topic
by providing a baseline understanding of the various aspects associated to surface
texture and their relation to process parameters, geometry (such as channel sizes,
angles, and surface orientation), key surface texture parameters, mechanisms that
affect flow resistance and friction factors, and material removal targets using surface
enhancement post-processing to achieve a required surface specification. Research
results provide designers with a variety of options to properly tailor the surface to the
flow requirements, like the specification of the pressure drop due to the flow through
the microchannels in compact heat exchangers.

The main research innovations achieved with this research include:

1. Determination of the build factors and relationships associated with the
surface texture of 1 mm thick NASA HR-1 alloy surfaces obtained with the
LP-DED process (see Chapter 3 and Chapter 4).

e Previous state-of-the-art research  primarily examined the
microstructural aspects and mechanical properties of samples produced
using the LP-DED process, with wall thicknesses ranging from 1 to 3
mm. There was very limited research on the effect of process
parameters and on surface texture (roughness, waviness) of 1 mm
vertical walls. No information related to thin walls made with the
NASA HR-1 alloy was available. Prior studies concentrated on
roughness without considering waviness or distinguishing between
these surface texture differences. Additionally, the impact of build
parameters on surface texture was not extensively explored, especially
for the NASA HR-1 alloy.
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2. Characterization and identification of geometric constraints for repeatable
LP-DED fabrication of heat exchangers (see Chapter 4 and Chapter 5).

e To the best of the author's knowledge, no prior research on
microchannels produced using the LP-DED process is documented in
the open literature. Additionally, prior literature on the subject lacks’
information on the geometric aspects, angled wall limitations, surface
texture, and the process mechanisms causing these geometric
variations. The characterization of geometry and surface texture of
internal microchannels and of various enclosed boxes fabricated at
different angles provides foundational information for heat exchanger
designers.

3. Evaluation and characterization of surface enhancement techniques for 2.5
mm square internal microchannel features manufactured with the LP-DED
process to tailor required flow characteristics (see Chapter 6 and Chapter 7).

e Prior investigations on surface enhancement techniques focused
exclusively on their application to additively manufactured laser
powder bed fusion (L-PBF) samples. The geometric characterization of
the process and channels allowed to conclude that the LP-DED process
is fundamentally different from L-PBF. Conclusions from L-PBF
research cannot be applied broadly to other AM processes, including
LP-DED. This experimental study is the first concerning various
surface enhancements applied to microchannels manufactured with the
LP-DED process. For the first time, different surface texture
mechanisms caused by distinct enhancement techniques were
identified, including peak smoothing/reduction, minimized roughness,
combined waviness, and valley reduction. Previous L-PBF samples
were limited to less than 250 mm due to build constraints. This research
develops and characterizes surface-enhanced samples that are 600 mm
long, a 140% increase in length.

4. Development of an analytical model and correlation to estimate the pressure
drop of high-roughness channels fabricated with LP-DED. The correlation
is validated with experimental data (Chapter 7).

e Friction factors and pressure drop associated with LP-DED made
microchannels in both the as-built and surfaced enhanced state have
been investigated for the first time. Considered surface treatments
include abrasive flow machining, chemical milling, and chemical
mechanical polishing. A wide range of surface conditions were
obtained and allowed to develop a new correlation for the calculation
of the hydraulic diameter of square channels. Additionally, based on
experimental data resulting from flow tests, a new correlation to
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determine sand grain roughness, friction factors and pressure drop was
developed. The correlation allows prediction of these values with a
deviation of less than 20% with respect to experimental data.

8.3 FUTURE APPLICATIONS AND RESEARCH
AREAS

8.3.1 |Initial Application Cases

The research effort documented in this dissertation is integrated into a broader
investigation concerning the use of the LP-DED process for the fabrication of
components of liquid rocket engines. Although demonstrating and testing
components were outside the scope of the work documented here, findings on channel
characterization and build limitations from this research contributed to the design of
nozzle and combustion chamber prototypes. Several channel-cooled nozzles made
with the NASA HR-1 alloy were constructed and underwent hot-fire testing aimed at
proving initial feasibility. These nozzles were tested using various propellant
combinations including  Liquid Oxygen/Liquid Hydrogen (LOX/LH2),
LOX/Kerosene (LOX/RP-1), and LOX/Methane (LOX/CH4). The hot-fire testing
campaigns took place at NASA Marshall Space Flight Center (MSFC) at thrust
classes ranging from 8.9 to 178 kN. The testing demonstrated the suitability of the
LP-DED process and of the alloy in a relevant environment, validated design
assumptions, and allow to determine the heat transfer and pressure drop
characteristics associated with various designs. A total of 488 starts were performed
and the total duration of these tests was 16,291 seconds, whereby 12 nozzles were
examined [13,321].

A single nozzle featuring a thrust of 8.9 kN accumulated 207 starts and 6,756
seconds of testing time with consistent performance between tests [254,321]. Figure
8.1 displays nozzles that were fabricated and successfully tested with as-built surface
channels. While the NASA HR-1 alloy was demonstrated in the extreme
environment, additional design and post-processing lessons were learned, like, for
example, those related to more advanced polishing techniques. All this knowledge is
essential to progress towards the use of these nozzles in actual missions. It can be
argued that the results of the research documented here is essential to mature this
manufacturing technology to the level that is needed for space flight and possibly
other industrial applications.

In addition to the hot-fire demonstrations, large-scale manufacturing trials were
also completed. A 1.52 m dia. and 1.78 m height integral channel nozzle made of
NASA HR-1 alloy was built in 90 days. This is estimated to be four to six times faster
than producing a traditionally manufactured unit for the first time. Additionally, a
chamber was fabricated, also made of NASA HR-1, and used as a simulator for a
nuclear thermal propulsion (NTP) engine. Examples of these large-scale
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manufacturing trials are shown in Figure 8.1. These manufacturing trials
demonstrated a significant opportunity for schedule and cost reductions compared to
traditional manufacturing technologies. The results have garnered active interest
across the commercial space sector, highlighting the potential for manufacturing
large-scale channel wall nozzles and combustion chambers using LP-DED.

Figure 8.1. Examples of LP-DED nozzles during hot-fire testing and
fabrication. A) 178 kN integral channel on the test stand, B) Hot-fire testing of
the 178 kN nozzle using LOX/LH2, C) 8.9 kN integral channel nozzle, D)
NASA HR-1 nozzle accumulating 207 starts and 6,756 sec during test, E)
Manufacturing trial of 1.52 m dia. and 1.78 m height integral channel nozzle,
F) Manufacturing trial of NTP LP-DED chamber. (Courtesy: NASA)

[254,321]
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8.3.2 Future Applications

Several applications of the LP-DED process for the manufacturing of large
compact heat exchangers for extreme environments can be envisaged for both
terrestrial use and space exploration. Efficient and sustainable power generation will
require novel high temperature compact heat exchangers. Examples are primary heat
exchangers and recuperators of supercritical CO- cycle power plants, heat exchangers
in hydrogen gas turbines, etc. Transitioning to hydrogen as a fuel source can
significantly reduce carbon dioxide emissions, and compact novel suitable heat
exchangers are key enablers of these new power technologies. Other potential uses in
power generation include heat exchangers in solar thermal energy power plants.
However, these heat exchangers will require the adoption of other materials and
manufacturing processes, different from those treated in this dissertation.

The aviation industry is also exploring hydrogen as a more sustainable fuel.
Future propulsion systems may include gas turbine engines, fuel cells, or hybrid
systems that incorporate compact heat exchangers [322].The realization of
supersonic commercial aircraft and hypersonic vehicles will require active cooling in
leading edges and control surfaces, which can be obtained with microchannels
integrated into large structures.

Future exploration missions will require in-space cryocooler storage for
propellants with active cooling to prevent boil-off. The stored fuel can be used for
propulsion systems, lunar or Martian power plants, resource extraction, and chemical
or life support systems. Additionally, managing the extreme temperature fluctuations
in space will require efficient spacecraft radiators. The complexity of these systems
can be addressed through manufacturing methods like LP-DED and the use of
hydrogen-resistant alloys.

8.4 RECOMMENDATIONS

8.4.1 Design and Analysis

Chapter 7 of this thesis describes the evaluation of various surface
conditions and provides new correlations for determining the hydraulic diameter of
square microchannels. Many numerical simulation methods do not take into account
the complex effect of surface texture, and these new correlations should be integrated
into flow models to enhance prediction accuracy. Additionally, the data sets from this
research offer an opportunity to develop a new version of the Moody diagram,
accounting for the intricacies of additively manufactured surfaces. Machine learning
techniques could be employed to analyze the extensive data sets generated during this
research. This approach could include not only the experimental test data but also the
images, allowing for further improvement of the predictions of friction factors and
flow resistances related to detailed surface topography.

The design and analysis of heat exchangers are highly interdisciplinary,
involving both heat transfer and fluid dynamics. Future experiments should
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incorporate the investigation of heat transfer phenomena to determine Nusselt
correlations depending on variations of the surface textures. These experiments
should encompass varying channel sizes, materials, and fluids, including both liquids
and gases, across a range of Reynolds numbers and surface conditions. Flow
visualization on a micro-scale could also be included. Although the correlation
between different types of roughness and waviness with respect to the variation in
friction factors was established, visual confirmation of flow structures would enhance
future modeling efforts. A challenge with this type of experiment is that using clear
acrylic for visualization may diminish some of the three-dimensional flow effects.

8.4.2 Process Specific

If other materials will be studied in the future, factors such as build parameters,
solidification rates, geometry (including channel sizes), powder efficiency, and heat
treatment operations may alter the absolute values of surface texture. Evaluating other
materials is essential to expand the database of alloys suitable for future compact
high-temperature heat exchangers fabricated with LP-DED. Varying heat treatments
of the NASA HR-1 alloy may slightly change the surface texture due to oxidation or
the removal of partially adhered powder resulting from high thermal gradients.

Chapter 4 reports a study of surface texture with varying angles. Further research
could investigate complex surfaces or variable channel geometries and the results
would contribute to making available additional design solutions. These surfaces
might include complex freeform surfaces or structures optimized through shape or
topology optimization.

The post-processing surface modifications resulted in observations that included
remnant powder, jagged edges and crystals, scratches, pitting or selective grain
boundary attack. Some of these conditions merit an additional characterization effort
since they could affect mechanical properties of the material. The jagged edges,
scratches, pitting, and grain boundary attack might result in reduced fatigue life due
the surface defects. Controlled mechanical testing should be conducted with the
identical processing parameters to determine any debits to properties.

An important aspect related to this research in relation to the industrialization of
the LP-DED is the tradeoff between the specification of the surface texture and the
associated processing time and cost. This aspect was not addressed, and more
specifically the lifecycle processing cost, specialty tooling, processing challenges, or
processing timeline. The post-processing methods documented in Chapters 6 and 7
focused on more mature techniques, which are becoming accessible to the industry.
Combining multiple techniques may provide an optimal solution that meets both
technical and cost/programmatic specifications.

8.4.3 Production and Operation

As discussed in Chapter 2, the implications of surface texture on the production
of system and components are often overlooked during the initial design phase.
Bridging the gap between theoretical analysis and the practical challenges of
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manufacturing and achieving design specifications in the shortest possible time may
require additional education or training for designers. Surface conditions can also
change during operation due to factors such as erosion, wear, corrosion, oxidation, or
other environmental influences. As AM processes become more common in industry,
the long-term effects on surface texture during operation will need to be investigated.
More data should be collected and publicly shared to identify performance shifts,
determine their root causes, and assess their relation to potential changes in surface
texture.

Early collection of surface texture data during the manufacturing process can
help reduce uncertainty. The use of surface texture witness specimens is important as
components using the LP-DED process enter production. An open channel, as
proposed by Thiam [323], can be built alongside the part and measured to represent
the closed internal microchannels. These data can then be used to reduce uncertainty
in the analysis prior to actual testing, and early in the manufacturing phase. Based on
the surface texture, the Ke value from this dissertation can be applied to improve
predictions and reduce uncertainty.

8.5 REFLECTIONS

Designing components, such as compact heat exchangers, may seem "easy" if
compared to the challenges encountered during their manufacturing. Manufacturing
can yield non-conformances due to incorrect design assumptions, human error,
integration or planning issues, or simply unforeseen circumstances. Similarly,
planning might appear straightforward, but execution can falter. Research is no
different—what seems like a simple path from A to B is rarely a straight line. This
iterative process defines becoming an independent researcher. It involves
methodically exploring every aspect to fully characterize the process using the
scientific method, connecting previously unrelated topics, and constructing a
comprehensive story.

I initially spent considerable time on literature searches regarding various heat
exchanger topics, but felt overwhelmed by too many papers lacking focus and
relevance. Although I thought | had scoped my topic, | did not grasp all the nuances
until | started laboratory work and understood which questions needed to be asked.
Developing a new process for manufacturing heat exchangers revealed many
unknowns in the planning stage. | recommend maintaining flexibility in planning, as
seemingly unimportant aspects might become crucial later. A schedule should be a
living document, continuously updated. This approach proved true when
characterizing the LP-DED samples at various angles, leading to insights that resulted
in an unplanned but valuable journal article. Further characterization of surface
enhancement techniques for LP-DED samples at varying angles is recommended to
determine optimal processing parameters.

Challenging prior "facts” can be difficult, as | found when determining the
hydraulic diameter. Using a known relationship did not match my assumptions,
leading me to question my methods. Initially, | believed I had collected too many
data, which caused me months of doubt. While it was ultimately beneficial for
revealing challenges with the hydraulic diameter and evaluating various surface
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conditions, it was exhausting to measure, characterize, and evaluate dozens of
measurements per tube (resulting in hundreds of channel sections to evaluate). In
hindsight, a smaller data set might have led to similar results, if the importance of
each measurement was correctly prioritized. Early test trials with one or two samples
could help prioritize data sets, saving time in the end.

My current career trajectory has led me to the point where | contribute and lead
research instead of solely “consuming” it. Throughout the years that led to this thesis,
the term "independent researcher" resonated with me, a definition first mentioned by
my supervisors. | noticed a gradual shift in how | reviewed and evaluated prior
published research, often feeling frustrated by missing steps, incomplete data, or
incorrect terminology. The term "roughness" is frequently misused in journal articles,
defined incorrectly by data filtering. This realization led me to consult both experts
and literature to ensure I used terms correctly. Accepted common terms might not
always be accurate, and repeated incorrect references do not make them true.

My interactions with my supervisors, Dr. Angelo Cervone and Prof. Piero
Colonna, were invaluable. These meetings often led to realizations, criticisms, and
adjustments in planning and execution. While I sometimes sought confirmation that
I had done something correctly, I did not always receive it. This was not negative; it
made me realize that at a detailed research level, my supervisors might not have all
the answers. Instead, they questioned my methodology and offered feedback, helping
me to affirm or further probe my approach. From that process, | also learned how to
guide others in their research, even if | am not the expert. A skill that an independent
researcher is required to have. As undergraduates, we are taught that answers are in
the back of the book. In the real world, we realize multiple answers exist. This
research showed that we are developing new correlations, questioning prior
assumptions and research, and adding to the overall body of knowledge as an
independent researcher.

In the final six months of my analysis and writing, several questions arose, as
outlined in section 8.4, but remained unanswered due to time and resource
constraints. Developing and characterizing a new process for this application required
substantial resources for maturation. Fully exploring every detail demanded more
effort than initially anticipated, leading to a necessary rescoping of the research to a
more achievable focus. | hope to collaborate with future researchers to expand this
topic further. | look forward to the opportunity to incorporate heat transfer with
pressure drop for different fluids, integrate this information into simulation codes,
and conduct future experiments using flow visualization. Additionally, it will be
critical to obtain mechanical properties (e.g., fatigue) with different surface
enhancement methods and understand the processing economics to incorporate into
actual applications. Although this dissertation concludes the research, my curiosity
and desire to see it used by others is ultimately the highest compliment | strive for.
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variation for 600 mm length channel samples.
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Channel Identifier

Tube AB-55-R Tube AB-56-R Tube AB-58-R
Powder Fine Coarse Coarse
Avg Diameter (mm) 2.777 +0.056 2.682 +0.066 2.646 +0.084
Perimeter (mm) 11.727 +0.364 11.848 +0.509 10.848 +0.230
Area (mm?) 6.052 +0.125 5.617 +0.035 5.504 +0.099
Circularity (%) 55.3% +0.023 50.4% +0.040 58.8% +0.021
Roundness (%) 95.2% +0.017 94.6% +0.011 92% +0.014

Figure 12.4. Etched micrographs of the mid-section of round tubes (AB-55-R,
AB-56-R, AB-58-R). The table lists the measured diameter, perimeter, area,
circularity, and roundness obtained from the micrographs of the cross-sections
(average of three cross-sections).
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