University of Texas at El Paso

Digital Commons@UTEP

Open Access Theses & Dissertations

2011-01-01

Microstructural Architecture Developed In The
Fabrication Of Solid And Open-Cellular Copper
Components By Additive Manufacturing Using
Electron Beam Melting

Diana Alejandra Ramirez
University of Texas at El Paso, daramirez2 @miners.utep.edu

Follow this and additional works at: https://digitalcommons.utep.edu/open_etd

b Part of the Materials Science and Engineering Commons, and the Mechanics of Materials

Commons

Recommended Citation

Ramirez, Diana Alejandra, "Microstructural Architecture Developed In The Fabrication Of Solid And Open-Cellular Copper
Components By Additive Manufacturing Using Electron Beam Melting" (2011). Open Access Theses & Dissertations. 2372.
https://digitalcommons.utep.edu/open_etd/2372

This is brought to you for free and open access by Digital Commons@UTEP. It has been accepted for inclusion in Open Access Theses & Dissertations

by an authorized administrator of Digital Commons@UTEP. For more information, please contact lweber@utep.edu.


https://digitalcommons.utep.edu/?utm_source=digitalcommons.utep.edu%2Fopen_etd%2F2372&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.utep.edu/open_etd?utm_source=digitalcommons.utep.edu%2Fopen_etd%2F2372&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.utep.edu/open_etd?utm_source=digitalcommons.utep.edu%2Fopen_etd%2F2372&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/285?utm_source=digitalcommons.utep.edu%2Fopen_etd%2F2372&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/283?utm_source=digitalcommons.utep.edu%2Fopen_etd%2F2372&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/283?utm_source=digitalcommons.utep.edu%2Fopen_etd%2F2372&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.utep.edu/open_etd/2372?utm_source=digitalcommons.utep.edu%2Fopen_etd%2F2372&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:lweber@utep.edu

MICROSTRUCTURAL ARCHITECTURE DEVELOPED IN THE FABRICATION OF
SOLID AND OPEN-CELLULAR COPPER COMPONENTS BY ADDITIVE
MANUFACTURING USING ELECTRON BEAM MELTING

DIANA ALEJANDRA RAMIREZ

Materials Science and Engineering

APPROVED:

L.E. Murr Ph.D., Chair

S.W. Stafford, Ph.D.

F.S. Manciu, Ph.D.

R.R. Chianelli, Ph.D.

Benjamin C. Flores, Ph.D.
Acting Dean of the Graduate School



Copyright
by
Diana A. Ramirez

2011



Dedication

This would have not been possible if I did not have the support of my family, friends and co-
workers and I want to take the time to dedicate this work to all of you. To my family, thank you
for inspiring me always to further my studies. This is dedicated to my grandfather, Armando
Olivas, who has always been someone I have looked up to as a father. To my brothers and sister
let this prove you that every dream you may have is possible with hard work and dedication.
Thank you to my grandmother for her continuous prayers so that everything would always work
out for me. To my mother thank you for always being my # 1 fan. Life would not be the same
without friends and to you all thank you for the encouraging words, support, and for always
taking the time to listen. A special dedication goes to the very special people in my life who
always pushed me to excel in everything I do and never let me throw the towel; Ana Laura
Olivas, and Susie Martinez. In addition, I would like to dedicate this to my musketeers: Alba A.
Prieto and Andrea N. Tarantino for the long hours of studying together and the support in every
challenging experience I have had. Dre, thank you so much for all that you have done for me
especially in those times that nothing seemed to make sense. Your words, support, and friendship
made this journey possible. Finally, this accomplished dream is dedicated to my angel from

heaven, my brother Jaime Ramirez.



MICROSTRUCTURAL ARCHITECTURE DEVELOPED IN THE FABRICATION OF
SOLID AND OPEN-CELLULAR COPPER COMPONENTS BY ADDITIVE
MANUFACTURING USING ELECTRON BEAM MELTING

by

DIANA ALEJANDRA RAMIREZ,

B.S. Metallurgical and Materials Engineering

DISSERTATION
Presented to the Faculty of the Graduate School of
The University of Texas at El Paso
in Partial Fulfillment
of the Requirements

for the Degree of

DOCTOR OF PHILOSOPHY

Materials Science and Engineering
THE UNIVERSITY OF TEXAS AT EL PASO
December 2011



Acknowledgements

I would like to extend special thanks to Dr. Lawrence E. Murr for his patience, guidance and
support throughout my studies and the preparation of this dissertation. I would like to also express my
gratitude to Dr. Stephen Stafford for his support and for being part of my committee as well as Dr.
Felicia S. Manciu and Dr. R. Chianelli for critically reviewing my proposal and serving as committee
members. In addition, I would like to thank the entire research group. Special thanks to Edwin Martinez,
Dr. Brenda 1. Machado, Dr. Sara Gaytan, and Jose Luis Martinez for their help and suggestions. Finally,
I would like to add a special note of appreciation for Dr. Ryan Wicker, Mr. Frank Medina and the Keck
center team for the fabrication of the Cu samples.

This research was supported by the Air Force Research Laboratory through Clarkson Aerospace
Contract #UTEP-10-5567-013-02-C2 (Task Order 2.10.2). Copper EBM fabrication was also partially
supported by the US Department of Energy SBIR Grant DE-SC0000867. Mr. and Mrs. Maclntosh
Murchison Endowments and the University of Texas at El Paso, the Institute of Metal Research,
Shenyang, China, the Chinese Academy of Science (CAS) and Mr. Pedro Frigola, RadiaBeam

Technologies, Santa Monica, CA for the provision of the Cu powder.



Abstract

The fabrication of Cu components were first built by additive manufacturing using electron beam
melting (EBM) from low-purity, atomized Cu powder containing a high density of Cu,O precipitates
leading to a novel example of precipitate-dislocation architecture. These microstructures exhibit cell-like
arrays (1-3um) in the horizontal reference plane perpendicular to the build direction with columnar-like
arrays extending from ~12 to >60 pum in length and corresponding spatial dimensions of 1-3 pym. These
observations were observed by the use of optical metallography, and scanning and transmission electron
microscopy. The hardness measurements were taken both on the atomized powder and the Cu
components. The hardness for these architectures ranged from ~HV 83 to 88, in contrast to the original
Cu powder microindentation hardness of HV 72 and the commercial Cu base plate hardness of HV 57.

These observations were utilized for the fabrication of open-cellular copper structures by
additive manufacturing using EBM and illustrated the ability to fabricate some form of controlled
microstructural architecture by EBM parameter alteration or optimizing. The fabrication of these
structures ranged in densities from 0.73g/cm? to 6.67g/cm?. These structures correspond to four different
articulated mesh arrays. While these components contained some porosity as a consequence of some
unmelted regions, the Cu,O precipitates also contributed to a reduced density. Using X-ray Diffraction
showed the approximate volume fraction estimated to be ~2%. The addition of precipitates created in the
EBM melt scan formed microstructural arrays which contributed to hardening contributing to the
strength of mesh struts and foam ligaments. The measurements of relative stiffness versus relative
density plots for Cu compared very closely with Ti-6Al-4V open cellular structures — both mesh and
foams. The Cu reticulated mesh structures exhibit a slope of n = 2 in contrast to a slope of n = 2.4 for the
stochastic Cu foams, consistent with the Gibson-Ashby foam model where n = 2. These open cellular
structure components exhibit considerable potential for novel, complex, multi-functional electrical and

thermal management systems, especially complex, monolithic heat exchange device.

Vi
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Chapter 1:

Introduction

The necessity of having new materials that can have the capabilities of low densities, light-
weight structures, energy absorption, thermal applications and high mechanical properties has given
additive manufacturing by Electron Beam Melting (EBM) opportunity to rise as one of the technologies
capable of creating such structures. The physical property of the metal foam structures makes of this
technology a fundamental solution to the thermal management problems. This form of fabrication does
not only offer great properties, but it also offers the opportunity to be cost effective. Currently additive
manufacturing has shown prosperous advances in the aerospace and biomedical industry. This has
involved the creation of complex functional (biocompatible) mesh arrays as well as other custom

designed components.

In this research work, the fabrication of complex copper mesh and open cellular foams fabricated
by additive manufacturing using EBM for the future use of its thermal applications are examined.
Furthermore, we illustrate the mechanical and physical properties of copper mesh and foams prototypes,
and prospects for applications to advance heat exchange devices, and the thermal applications of open
cell metal foams. In addition, the use of optical microscopy scanning and transmission electron
microscopy will allow for explanation of innovative observations of the microstructural architecture
composed of Cu,O precipitate columns in the EBM build direction. The component microstructure
exhibits a novel Cu,O precipitate columnar architecture. The precipitation- related columnar architecture
was unintended and occurred as a consequence of oxygen in the manufactured Cu powder. Nonetheless,

this occurrence provided a unique opportunity to observe and characterized a new directional



solidification phenomenon. In addition, this will be the first direct fabrication of Cu open cellular
structures. The measurements of density, stiffness plots of relative stiffness versus relative density will

allow copper open cellular structures to be compared with classical foam models described by Ashby.



Chapter 2:

Background

2.1 BACKGROUND OF COPPER

Copper has very attractive properties that make the metal useful for many applications such as
excellent corrosion resistance, outstanding workability, good mechanical properties, toughness,
antimicrobial properties, and electrical and thermal conductivity. The thermal conductivity of copper,
394W/mK, is approximately twice that of aluminum and thirty times that of stainless steel, which allows
for a broad area where copper can be useful such as in components where rapid heat transfer is vital.
Examples include saucepan bottoms, heat exchangers, car and vehicle radiators and heat sinks in
computers, disk drives and TV sets. The main advantage of copper is its low electrical resistivity and

high resistance to electro-migration and stress-migration, when compared with aluminum.

2.1.1 The Cu-O Phase Diagram and Crystal Structure

Copper has primarily three phases that appear in the Cu-O phase diagram are Cu,O (Cuprite),
Cu403 (paramelaconite), and CuO (tenorite) as shown in the Illustration 2.1.1. Table 2.1.1 shows the
crystallographic data of the three different phases. The Cu,O shown in figure 2.1.1 with 2:4 co-
ordination. The oxygen atoms are located at the corners and center of the unit cell, and the copper atoms
with the copper atoms occupying the center of four of the eight corners into which the cell may be
divided. This arrangement is cubic close packing. The structure has an oxygen atom co-ordinated by
four copper neighbors at each corner of a regular tetrahedron; however, each copper atom has only two

oxygen neighbors symmetrically on a straight line as shown in figure 2.1.1.



@: Cu; Q: o

Figure 2.1.1 Unit cell of the cubic structure of Cu,O, cuprite.

This structure is very unique because it consists of two identical interpenetrating frameworks that are not
directly bonded together: any one atom can reach half, but only half of the other atom in the Cu-O bond.

Thus the bond can be formulated as in Cu,O:

— CU «— — O0——



The affinity of copper for oxygen is often so great, that even under the most stringent inert
environments, the copper particles will include some oxygen. The oxidation of copper is a well known

process. The reaction of the copper oxide formation can be represented by as follows:

2(Cu) + % (05) = [Cu,0]

The retention of oxygen allows for the formation of copper oxides including Cuprite oxide,
(Cu20), or retention of interstitial oxygen which will form Cu,0O during Electron Beam Melting (EBM).
Table 2.1.1 illustrates the different phase compositions and additional information such as space group.

This becomes more important and will further be analyzed in the Discussion section.

Table 2.1.1: Copper Crystallographic Data [1]

Phase Compeosition Pearson Space
Witss O Symbol group

Cu 0 to 0.008 5]
(Cu) cF4 Fm3m
Cu, 0! 11.2 5

z C'P6 Pa:r.im
CuOle! 20 mC8
CugO 15.9

o tI28 IAimem




Atomic Percent Oxygen

0 10 20 30 40
1400 . —b Ly ey

1#

Temperature Pc

1050
3
=—(Cu)
1000 T v T Pr—p———
0 5 10 15 20 25
Cu Weight Percent Oxygen

Hlustration 2.1.1: Cu-O Phase Diagram [2]

2.2 ATOMIZED POWDER

In the atomization of metals, molten metal flows from a tundish through a refractory nozzle and
the liquid stream is disintegrated into droplets by impact of water or gas jets [2] thus breaking the molten
metal into particles which solidify fast. Inert gas atomization produces spherical particles. The particle
size and shape are influenced by the atomization medium, pressure and flow rate. There is no refining
during atomization or solid state reduction and the purity of the purity of the material depends on that of

the raw material; however, purity is generally over 99%.

The atomization process includes different variations such as impulse atomization, oil

atomization, vacuum atomization and gas atomization. Gas atomization process is the process where



“liquid metal is dispersed by a high-velocity jet of air, nitrogen, argon, or helium” [2]. This process is
mostly used for the commercial production of powders of copper alloys, copper, titanium and nickel-
base alloys. Air atomization is another method use for the fabrication of aluminum, zinc and copper as
well. This process utilizes inert gasses when the oxygen content needs to be kept low. Illustration 2.2.1

shows a basic schematic of the different stages involved in atomization.

Unconfined metal stream

Molten Tundish
A

High-pressure

water or
air
) Drying
Majtmtg qf l {reduction)
raw materia classification
Confined metal stream
Molten Tundish
mmetal —

High-pressure
water or
air

] S
.-"1,::"&';:5 Ta
PR T A A ek
i R e s e

Powder

Ilustration 2.2.1 Schematic of Atomization Process [3]



2.2.1 Atomized Copper Powder

The conductivity of copper is highly dependent on the impurities of oxygen free copper; oxygen
of course being a major impurity. Thus it is very important to control the impurity content during melt
preparation to acquire high conductivity and better fluidity. This creates the need for oxygen control
because an increase in oxygen content results in the production of more irregular powder. The copper
compounds are produced as powders by the controlled reaction of oxygen with copper powders. When
copper is used in the as-atomized state, lower oxygen content is essential because of the effects of
oxygen in many applications. Table 2.2.1 illustrates some of the fundamentals of commercial copper

powders produced by different atomization processes.



Table 2.2.1: Characteristics of Commercial Copper Powders [3]

Type of powder Composition, % Particle shape Surface area
Copper | Oxygen | Acid
insolubles
Electrolytic 99.1-99.8 | 0.1-0.8 | 0.03 max | Dendntic Medmum to high
Oxude reduced 99.3-996 | 0.2-0.6 | 0.03-0.1 Irregular; porous Medium
Water atomuzed 99.3-99.7 | 0.1-0.3 | 0.01-0.03 | Irregular to spherical; solid | Low
Hydrometallurgical | 97-99.5 | 0.2-08 | 0.03-0.8 Iregular agglomerates Very high

2.3 WHAT IS ADDITIVE MANUFACTURING

Additive manufacturing (AM) has become an exciting and growing process in industry.

defined by American Society for Testing and Materials as “the process of joining materials to make
objects from 3D model data, usually layer upon layer” [4]. The advances in this technology have made it

possible for machines to be more affordable and has allowed for the commercialization of the machines

for different industries [5]. This technology allows the use of any metal in powder form.




Powder layers are melted to the exact geometry that has been established by a 3D CAD model
by successively stacking selectively melted powder layer by layer. This allows for the building of very
complex geometries without any sort of tools or fixtures through electron beam melting (EMB) and
without producing any waste material as well. Thus, AM technology presents great benefits for the
production of different components. This new technology allows the exploration of different engineering
design without any manufacturing constraints due to its geometrical freedom. Moreover, this can allow
the fabrication of extreme light-weight designs, reduced part counts, and even improve the ability of
bone in-growth for a medical implant. Table 2.3.1 indicates the different types of techniques that are

available with additive manufacturing and the base material that are used with each technique.

Table 2.3.1: Technologies and Base Materials for Additive Manufacturing [6, 7, §]

Prototyping technologies Base materials
Selective laser sintering (SLS) Plastics, ceramics, metal powders
Direct Metal Laser Sintering (DMLS) Almost any alloy metal
Fused deposition modeling (FDM) Thermoplastics
Stereolithography (SLA) photopolymer
Laminated object manufacturing (LOM) Paper Paper
Electron beam melting (EBM) all metals powders
3D printing (3DP) Various materials

10
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2.4 OVERVIEW OF ARCAM A2 ELECTRON BEAM MELTING MACHINE

During the EBM process, the electron beam melts the metal powder in a layer-by-layer process
to build complex components. The Arcam A2 EMB machine can produce multiple parts in the same
build. These parts are built in a vacuum environment at elevated temperatures and are free from residual
stresses and do not suffer distortion in stress-relieved parts with material properties better than cast and
comparable to wrought material. The electron beam high power guarantees a high rate of deposition and
an even temperature distribution within the part, which gives a fully melted metal with excellent
mechanical and physical properties. This is due to the fact that the beam is managed by electromagnetic
coils rather than optics in the case of a laser beam, and moving mechanical parts which allows a superior
beam control and very fast beam translation. Figure 2.4.1 illustrates a schematic of the Arcam EMB

used to fabricate components in this research.

This operating system is very similar to that of an electron beam welding system. The current is
approximate 10A (DC) that drives a tungsten filament in the electron gun operating at an anode potential
of 60kV, referred to as number 1 in figure 2.4.1. The electromagnetic lenses utilized to focus the
electron beam and the scanning coils are reference by 2 and 3 respectively. In 4, are the two powder
cassettes located at each side of the system that feed the building table, 7, allows to provide uniform
layer of copper powder. 5 shows where the rake is located at the designed component is built into a solid
form in the building chamber noted by number 6. The build chamber mechanism is under a vacuum of
~10™ Torr and in normal building it uses helium gas bleed at ~102. This allows easier build cooling and
thermal stability. As previously mentioned, the melt scan only melts the desired sections of the powder
layer. This is due to the fact that the melt scan is driven by a three dimensional 3D computer aided

design (CAD) program. Before melting the powder, the machine preheats the layer by scanning the
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beam ~11 times at a velocity of ~15,000 mm/s followed by melt scan at 400mm/s. The desired

temperature is maintained uniform throughout the entire process.

The advantage of fabricating structural materials by additive manufacturing using EBM can allow
for the development of properties, processing and performance features can be manipulated in the desire
microstructures. The most common metal foams fabricated have been with aluminum or aluminum
alloys metals by liquid or semi liquid foaming technologies. This will be analyzed more in the

Discussion section.

Copper is an exceptional candidate for the fabrication of open-cellular mesh and foam structures
because of its high thermal conductivity at a given temperature. The rate of heat transfer is dependent
upon the temperature gradient and the thermal conductivity of the metal or material. At a given
temperature, thermal and electrical conductivities are proportional, thus; raising the temperature
increases the thermal conductivity and decreases the electrical conductivity. This becomes very
important in the fabrication of open-cellular metal core sandwich panel wingskins for aeronautic or

aerospace applications.
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Figure 2.4.1. Arcam A2 EBM facility it is gravity fed from cassettes and raked into a layer
~100um where the focused electron beam rasters to pre-heat the layer and finally melt prescribed
areas.
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2.5 HISTORY OF METAL FOAM FABRICATION AND PROCESS

Recently the need to fabricate different components with more complex geometries and used in
potential applications has allowed for many rapid prototyping (RP) techniques for metals. Metal foams
haven been fabricated in the past two decades using a variety of novel techniques. Metallic sintering,
metal deposition through evaporation, chemical vapor decomposition (CVD) or electrodeposition, are
some of the technologies that have created open cell foams. Other techniques used to fabricate metal
part with complex geometries and faster builds are EMB, Electron Beam Solid Freeform Fabrication
(EBSFF), Epitaxial Laser Metal Forming (E-LMF), Laser Engineered Net Shaping (LENS) and
Sprayforming. These techniques have indicated to melt the metal material melts locally which allows for

a “small volume to melt and solidify within a short period of time™ [9].

Open-cell metal foams have very complex geometries consisting of small filaments of ligaments
structures and cell structures. They are used to fabricate lightweight structures to develop energy
absorption devices and for thermal applications as a result of their thermal, mechanical, and electrical
properties. The base metal used for the fabrication of the foam will determine the properties of the foam
such as the strength and the relative density. The foam properties are also influenced by anisotropy as
well as structural defects. Other properties that can influence different characteristics such as heat
transfer are; pore size, strut or ligament size and cell shape can influence certain characteristics. Pore
size and relative density are two characteristics that are fundamental to identify for a foam material and
for the applications giving flexibility in product design. Relative density is defined as the percentage of
the solid material, p/ps, where ps is the solid density and whether the foam has open or closed cells. It is
the volume of solid foam material relative to the total volume of metal foam. Figure 2.5.1 is a picture of

the metal foams and mesh structures. Porosity is highly desirable for weight, cost reduction, improving
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specific strength and thermal characterization. Porosity is also important very important when dealing

with structural applications.

The foam structure consists of ligaments forming a network of inter- connected dodecahedral-
like cells which are randomly oriented and mostly homogeneous in shape and size. Figure 2.5.1 and
2.5.2 can be used to illustrate the ligament connection and dodecahedron having 12 pentagon shape

facets.

Figure 2.5.1. Structure of metal foam and dodecahedron having 12 pentagon shaped facets [10]
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Figure 2.5.2. SEM image comparison for a reticulated mesh strut microstructure (a) and stochastic open
cellular foam ligament microstructure (b). Inserts in (a) and (b) show strut and ligament cross-sections
viewed by optical metallography

Gibson and Ashby have described open cellular foam structures generally by

E = Eo (ﬁ)n ,

Po

where E and E, are the Young’s moduli of the foam or cellular structure material and the fully dense
material respectively, p and p, are the corresponding porous and fully dense material densities and n has

a value shown to vary between 1.8 and 2.3” [11]. Similar studies have shown that both reticulated mesh
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structures and open cellular foam structures for the fabrication components of Ti-6Al-4V have similar
log-log plots with n= 2.3. This will be reference further in the comparison of the copper mesh and foam
fabrication relative densities and young modulus of elasticity due to the fact that there is no real data to
compare copper foam or mesh structure stiffness with density or relative density with and other

properties.

2.6 HEAT TRANSFER

It is important to remember that certain properties influence how well the foam will transfer heat.
The pore size, filament size, and cell shape are some examples of characteristics that can influence the
heat transfer through the foam. This has been a topic of interest which has been studied in recent years.
Heat transfer by conduction involves energy transfer without any material motion, and the rate of heat
transfer is dependent upon the temperature gradient and the thermal conductivity of the material. The
thermal and electrical conductivities of metals are proportional at some specific temperature. By raising
the temperature, the thermal conductivity increases and electrical conductivity decreases. Likewise,

metals that have high electrical conductivity have high thermal conductivity at a given temperature.

Furthermore, an important application of metal foams is to construct compact heat exchangers.
Boomsma et.al [12] performed a study where open-cell aluminum foams were compressed using various
factors and then shaped in to heat exchangers for electronic cooling applications, which disperse large
amounts of heat. Other studies were performed to determine the most efficient heat exchanger for
particular heat transfer requirements. Previously, Bastawros was able to demonstrate the efficiency of
metallic foams in forced convection heat removal [13]. This proved that a high performance cellular
aluminum heat sink removed 2-3 times the usual heat flux removed by a pin-fin array. Writz research
involved the study of combined conduction and convection heat transfer in a thin porous wall [14]. This
was done through a semi-empirical model in a one-dimensional conduction in the porous matrix as well
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as a one-dimensional flow of the coolant through the foam wall. This provided an estimate of about 1.5

times more heat transfer surface in comparison to the offset strip fin array.

2.7 PREVIOUS RESEARCH STUDIES OF OPEN-CELLULAR AND STOCHASTIC MESH AND FOAMS

There are two types of cellular metal structures which can be characterized as either stochastic or
non-stochastic geometries. The difference between stochastic and non-stochastic is that stochastic foams
are either open or closed cells and non-stochastic foams have repeating lattices structures. Various
methods have been used to fabricate stochastic metal foams [15]. The fabrication of closed cell
stochastic foams is usually achieved by producing gas bubbles in a melt pool. This is achieved by either
adding gas directly to the melt, adding gas releasing blowing agents, or causing precipitation of gas
bubbles [16]. In order to achieve the desire pore size, shape, and pore distribution needs to follow
controlled processes, which influence the material properties [17-19]. These structures have potential
use in acoustic damping and energy absorption [16]. The fabrication of open cell stochastic foams can

be fabricated by melt processing, powder processing and deposition methods [16].

Other studies have shown that the use of non-stochastic open cell structures can enhance
mechanical properties in comparison to stochastic foams [20-22]. While melt-processing of aluminum
and aluminum alloys have produced cellular foams with open or closed cells for at least the past 30
years[23-27], in recent decades, highly-porous metals and alloy products such as titanium alloys have
numerous potential applications as a consequence of their light weight, corrosion resistance, and
isotropic mechanical properties [27]. Murr et al. [28] have fabricated Ti-6Al-4V open cellular foams
using electron beam melting (EBM). The model for these foams were developed from CT-scans of
aluminum open cellular foams and embedded in CAD for EBM. The CAD models created by the CT-
scans served as building parameters which allowed spatial replication similar to crystal unit cells [28].

Figure 2.7.1 shows a 3D model of cell structure solid ligaments based on the CT-scan for aluminum
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alloy foams. The CAD system includes the CT-scan and the melt scan is driven by the CAD system
allowing to selectively melting each layer to build the foams. The building of these foams showed that
hollow structures were lower in density than the solid structure cellular foams with identical porosity or
pores/inch (ppi) [28]. The use of direct manufacturing of metals structures through the use of selective
laser melting (SLM) process by the MCP group has revealed that in the use of three-dimensional
structures of stainless steel and cobalt-chrome resulted in nearly 90% percent reduction [29]. Murr et al.
[28] have shown the ability to fabricate Ti-6Al-4V open cellular foams and shown that elastic moduli
vary with density (relative stiffness versus relative density) showing consistence with the Gibson-Ashby

foam model.
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Figure 2.7.1. 3D CAD models for open cellular foams developed by CT-scans for aluminum
alloy foams. From Murr et al. [28]
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The foams were fabricated both in solid cell structures as well as hollow cell structures and
demonstrated tolerable stiffness and strength. This proved that using Ti-6Al-4V open cellular foams

have innovative applications for biomedical implants.

2.7.1 Novel Precipitate — Microstructural Architecture

In recent studies Co-base alloy containing 0.2% C, fabricated using EBM displayed spatial
carbide arrays and shown to extend into carbide columns as the layer grows [30]. This type of
microstructural structure has also been observed in Ni-base alloy (Inconel 718) and in SLM Ti-6Al-4V
alloy has shown the grains to grow epitaxial due to no nucleation barrier to solidification [31]. This is
related to the process parameters, showing that grain direction is therefore parallel with the local
conductive heat transfer. This has also revealed the possibility for the prospects of controlled

microstructural architecture and hence powerful tool to control grain orientation [31].

It has been demonstrated that the electron beam raster and the melt scan parameters create spatial
arrays that extend into carbide columns as the layer growth. Strondl et al. [9] have also demonstrated
that Inconel 718 samples produced by additive manufacturing (AM) using EBM of prealloyed powder
have demonstrated columnar grains perpendicular to the solidified layers. The microstructure displayed
lines of precipitates parallel to the elongated grains were present on the grain boundaries and within the
grains. In similar studies, Murr et al., [31] using Inconel 625 prealloyed precursor powder produced
elongated grains extending hundreds of microns parallel to the build direction as the work of Strondl et
al.,[9] where they also noted a [100] columnar grain texture.

These studies have indicated unique examples of the prospects for controlled microstructural
architecture development in material processing. Although the growth in controlled manner of columnar
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grains might be considered a form of microstructural architectures, it represents the spatial and
geometrical manipulation of grains or grain structures [30]. Manipulation of microstructure can be
performed by strain, heat treatment or aging in alloy compositions, however, these are not true
architectures because they represent only spatial arrays or are confined to the grain matrix making the
morphology of the microstructure vary in geometry due to the crystal orientation of each grain. The
process manipulation of precipitates to form even simple architectures transgressing grain structures or
grain boundaries as indicated by Co-base alloy and Ni-base alloy fabrication [30] illustrates the
prospects for manipulating microstructures to form architectures which can extend the materials science

and engineering paradigm.
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Chapter 3:

Experimental Procedure / Methodology

3.1 ANALYSIS OF POWDER

The composition, shape and size distribution of the precursor powder is able to significantly be
influenced by the EBM process parameters. Thus, initial efforts were focused on evaluating and
optimizing best possible powders from manufactures that would be able to facilitate the fabrication of
copper components and fabrication of copper mesh and foam structures as well. This proposed research
began with the investigation of two copper powders. The powders were fabricated by two different
manufacturers in which one was air-exposed and the other was a vacuum powder. The “air-exposed was
a grade 153A copper powder manufactured by AcuPowder International and the process consisted of air
atomized and a purity of 99.8%. The “vacuum powder” was an oxygen free high conductivity (OFHC)
copper powder manufactured by Sandvik Materials Technology. This was argon atomized with purity of

99.99%.

3.1.1 Flow of Copper Powder

The flow of a powder is dependent on the shape, apparent density and surface contamination
which can be important factors to be considered for the EBM process because it directly affects the
packing and raking of the powder. These factors were in accordance with the ASTM standards B703-10
and B855-06 respectively for the apparent density and volumetric flow rate of both precursor powders

analyzed.
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Both powders were examined using the SEM to study their morphology, particle distribution and
chemical composition using the EDS. The shape of atomized powder can vary significantly in size and
shape. In this case the vacuum powder exhibited very irregular shapes and less spherical than the air-
exposed powder. Fig. 3.1.1 illustrates the particle shape and size of both powders. Fig. 3.1.1(a)
corresponds to the vacuum powder which shows the irregularity in shape and size in comparison to (b)
where the air- exposed is more spherical and similar size and shape throughout. The small particles
attached to the surface of large particles as shown in (a), cause a poor flow, whereas, particles with

relatively equal size increase flowablity.
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Fig. 3.1.1 illustrates the (a) vacuum powder and (b) precursor air-exposed powder.

3.1.2 Powder Size Distribution

The distribution of particle size and the average of particle size is important to be considered
during the EBM process. Particles that are too small become a health issue and a safety risk, while large
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particles are not deposited by the raking system. This can also lead to a significant influence on thermal
conductivity due to relative packing density and the contact area between the particles. The size
distribution was analyzed on both powders. Powder A (argon atomized with purity of 99.9%) showing
two distributions: one separating the satellite particles from the distribution measurements and the
overall particle diameter. Powder B (nominal purity of 99.8%) shows a bimodal with average size of

~54 um.
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Figure. 3.1.2 Measurement of particle size distribution for Argon Atomized Powder showing both
satellite particles and overall particle diameter.
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Figure 3.1.3 Precursor copper powder particle size distribution with an average size of 54 pum (arrow).

3.1.3 Microstructural Analysis of Copper Powder

The atomized copper powder with nominal purity of 99.8% Cu was utilized for the fabrication of
all the components. We utilized this powder because it was more regular and presumably more tractable
for EBM processing as show in Fig. 3.1.2. The balance of this composition was primarily oxygen, which
formed a high volume fraction of copper oxides (Cu,O) (Cuprite) which segregated to the powder grain
boundaries. Cu,O has a cubic crystal structure with a lattice parameter of 4.27 A as well as a space
group PN3M. By the use of the scanning electron microscopy (SEM) the copper powder size and
surface characteristics can be shown in figure 3.1.4. The particle size distribution consisted of primarily

of large particles ranging from 40-100 um, with smaller attached particles as seen in figure 3.1.3.
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Figure 3.1.4. Precursor copper powder (SEM images). The magnified insert shows particle surface
features delineating grains having average diameters of ~6 um. [30]
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3.1.4 Optical Metallography and SEM Analysis of Copper Powder

The use of light optical microscopy is an important part of this research because it allows for
microstructural analysis to be performed both on the precursor powder and samples components
fabricated by the EBM. The powders were encapsulated in mounting epoxy which was ground,
polished (mirror-like using a final polish with 0.05pum alumina) and etched using a solution consisting of
100mL water, 8mL sulfuric acid, 4 mL sodium chloride (as a saturated solution) and 2g potassium
perchlorate and rinsed with ethanol for analysis purposes. Etching times varied from ~2 -3 seconds and
were observed in a Reichart MF4 A/M optical metallograph using a digital image converter. The etchant
revealed the particle interior microstructures as illustrated in Fig. 3.1.5 where the grain size averages 6
pum, a relatively small size giving rise to an instrumental Vickers microindentation hardness of 72 as
indicated in Fig. 3.1.5(a). The magnified view shown in Fig. 3.1.5(b) illustrates the selective etching of

precipitates within the grain boundaries forming regular, often square or rectangular pits.

The residual Vickers microindentation hardness (HV) samples were measured in a Struers
Doramin A-300 digital test station using a 100 gf load, with a dwell time of 10s for the precursor

powder, EBM components and open-cellular mesh and foams structures.

29



Figure 3.1.5. Precursor copper powder particle internal microstructure for embedded, ground, polished,
and etched particles. (a) single-particle observation in the SEM showing grain structures apparent from
the surface views. (b) Magnified view showing preferential etch/etch pits having regular (cubic-like)

geometries within the grain boundaries.
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3.2 EBM PARAMETERS FOR THE FABRICATION OF COPPER COMPONENTS

This section provides the parameters utilized for the building specimens and the fabrication of
copper mesh and foams. The Cu precursor powder was gravity fed to the build table where it was raked
into successive layers roughly 100 pm thick. The electron beam had an accelerating voltage of 60kV,
focused by magnetic lenses and scanned by scan coils to pre heat and selectively melts the powder layer
by layer through computer-aided design (CAD) program. The table consisted of a commercial copper
plate preheated (with the beam) to 550°C. The powder layers raked and selectively melted were also
preheated by scanning the beam (in a vacuum of ~10 torr) and a rate of ~10* mm/s in 10 passes with a
beam current of 13.4 mA. The melt scan had a scan rate of 80mm/s at a beam current of 10mA. The
pre-melt scan also followed at a scan rate of 2x10° mm/s and 30mA beam current. The scan domain (the
X-y zone) created especially in the melt scans is dependent on the beam focus, with directs maximum
energy at varying depths within each powder bed in the x- and y-directions [30]. For the purpose of this
work, the so called beam focus offset, was varied using focus numbers which varied from 10 to 35, with
35 being the deepest focal length. This does not cause a change in beam spacing; however, the change in
scan spacing comes from the beam focus offset and by varying the beam focus offset, thus the spacing
increases. The scanning strategies have also been addressed by Thijs et al. [32] and Verhaeghe et al.[33]

in SLM fabrication process.
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3.2.1 Fabrication of Copper Components

In the fabrication of Cu components, the precursor Cu powder contained a high volume fraction
of Cu,0O precipitates. These were retained an increased and increased by reaction with internal oxygen in
the components and distributed in spatial architectures along with dense dislocations substructures due
to the powder-layer preheat and melt scan parameters. The specimens developed were characterized
using optical microscopy and scanning and transmission electron microscopy.

Different components with different geometries were fabricated so that the built parameter
sections were examined. These included small cylinders and rectangular blocks and other geometry

variations. These components are illustrated in Figure 3.2.1.
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Figure 3.2.1. Examples of components and component (build) geometries fabricated by EBM.
() small cylinder, (b) quarter section from 5 cm (25 cm?) block, (c) structured-geometry
prototype product.
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3.3 OPTICAL METALLOGRAPHY ON COPPER COMPONENTS

From the components in Fig. 3.2.1, coupons or smaller specimens were extracted and cut into
sections which were perpendicular to or parallel to the build direction. The sections viewed in these
orientations were designated horizontal (H) and vertical (V). Both the horizontal and vertical cross
sections were analyzed using the Reichert MEF4 A/M. These oriented sections were mounted, ground,
polished (mirror-like using a final polish with 0.05um alumina) and etched using a solution consisting of
100mL water, 8mL sulfuric acid, 4 mL sodium chloride (as a saturated solution) and 2g potassium

perchlorate and rinsed with ethanol for analysis purposes.

For the reticulated mesh structures, after stiffness measurements, selective test structures were
sectioned into small areas to be mounted, polished and etched for optical metallographic analysis as

well. The same etchant was utilized as in the sample component specimens.

34 SCANNING ELECTRON MICROSCOPY

A Hitachi H-8500 field emission SEM operating at an accelerating voltage of 20 kV in
secondary electron emission mode was used to analyze the polished and etched samples fabricated in the
Arcam A2 system, the reticulated mesh structures, as well as the precursor copper powder utilized in the
building process. The Energy Dispersive X-ray Spectroscopy (EDS) was used to perform the chemical

analysis of the powder and components fabricated as well.

3.5 TRANSMISSION ELECTRON MICROSCOPY

Different samples were cut from the various build components and sliced into thin sections to a

thickness less than 0.2mm. Three-millimeter discs were punched and mechanically dimpled on each
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side. Electrojet polish was performed using a Struers Tenupol-3 dual-jet unit operating at 8V with a
solution temperature of 15°C using a solution consisting of 825ml of water, 375ml of ethanol, 300ml of
phosphoric acid, 75 ml of propanol and 2.5 of urea. This created shiny (hole induced) polished samples
and were examined in a Hitachi H-9500 transmission electron microscope (TEM), operating at a
accelerating potential voltage of 300 kV. A goniometer-tilt stage and a CCD digital imaging camera

were utilized as well with the TEM.

3.6 FABRICATION OF RETICULATED MESH STRUCTURES

Using the program Materialize/Magics® software, reticulated mesh structures based on geometry
elements were fabricated. The CT-scans of commercial open-cellular aluminum alloy foams were
geometrically scaled to create monolithic density or porosity variations [34]. This is shown in figure
3.6.1 by software (CAD) model showing the open cellular mesh and foam structures [34]. Reticulated
mesh structures ranging in density from 1.20 to 6.67 g/cm’ as well as a virtually solid component with a
density of 8.02 g/cm’ used for comparison with fully dense Cu having an ideal density of 8.9 g/cm®. The

stochastic foam densities vary from 0.73 to 1.70 g/cm’. These are shown in figure 3.6.2.
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Figure 3.6.1. Schematic showing software (CAD) model using Materialized dode-thin mesh build (a)

and open cellular foam model (b)
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Fig. 3.6.2. Examples of open cellular Cu mesh and foam specimens fabricated from CAD models. The
corresponding densities, p, and pore densities in pores/inch [ppi], are as follows: (1) 0.84 g/cm® [4 ppi];
(2) 0.73 glcm® [6 ppi]; (3) 1.20 g/cm® [3ppi]; (4) 1.28 g/cm® [3 ppil; (5) 1.69 g/cm® [5 ppi]; (6) 0.93
g/cm?® [6 ppi]. Stochastic foams are shown in (1), (2), (4) and (6): Reticulated mesh samples are shown
in (3) and (5). [34]
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3.7  ErLASTIC MODULI (E) TESTING

The elastic moduli (E) for the fabricated open-cellular structures were measured using a resonant
frequency analyzer RFDAHTVP1750-C. This process measures the resonant frequency in the samples

arising from a mechanically induced vibration where the stiffness (E) is given generally by

E = Emf?,

where £ is a geometrical, specimen shape factor (generally constant for these measurements), m is the
sample mass and f; is the measured, resonant frequency [34]. This is a non-destructive testing that
measures the dynamic stiffness in comparison to the static stiffness of more conventional, tensile or
compressive testing which is destructive testing. All the open cellular structures followed the
requirements described by Ashby [34] height/with > 1.5 height >7 times the cell size, and open channel
size. The samples sizes were 2.3 cm x 2.3 cm x 3.6 cm and in some cases carefully machined to size in

larger samples.
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Chapter 4
Result and Discussion

4.1 MICROSTRUCTURAL ANALYSIS ON COPPER COMPONENTS

Figure 4.1.1 illustrates an optical representation of microstructure in the horizontal direction for
component (Fig.3.2.1(c)) with beam offset (focus setting) of (a) 10, (b) 25, and (c) 35, with 35 being the
deepest focal length. This is similar to the process variations for SLM fabrication [32] and shows
refinement in the microstructure with thermal variations due to the beam focus variations. Each of the

beam-scanning steps included orthogonal beam rastering over the powder bed in the x- and y- directions.
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Figure 4.1.1 Optical representation of microstructure in the horizontal direction for component
(Fig. 3.2.1 C). Beam offset: (a) 10, (b) 25, and (c) 35; with 35 being the deepest focal length

Figure 4.1.2 illustrates a 3D image composite representing typical microstructure of a section of the
cylindrical component as shown in Fig.3.2.1(a). This 3D image illustrates small, equiaxed cell or
domain structures in the horizontal plane and elongated structures in the vertical plane. The vertical

section is parallel to the build direction as indicated by the arrow.
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Figure 4.1.2 3D image composite representing a section of the cylindrical components.
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Figure 4.1.3 is also 3D- image composite from a cylindrical section of Fig. 3.2.1 that indicate the
hardness measure (a) that shows small equiaxed cell or domain structures in the horizontal plane which
is perpendicular to the build direction and the elongated structures variations in the vertical plane
parallel to the build direction. These areas are very small in comparison to the equiaxed grain structures
previously seen in the precursor powder shown in Fig.4.1.3. This explains in part the increase in
hardness in both the horizontal and vertical planes and as indicated in Fig.4.1.3. Furthermore, while the
average of both the horizontal and vertical planes microindentation hardness is ~HV 83 and has a 15%
increase over the precursor powder, there is a 7% difference between the softer horizontal plane in
comparison to the vertical plane. This has been explain by Murr [28] where it was noted that
microstructures and residual microindentation hardness were different for reticulated mesh structures
due to the variations in cooling rates for thin struts in comparison to larger, solid, monolithic
components build by electron beam melting. Furthermore, the microstructure refinement in the cellular
ligaments promotes higher microindentation hardness for the foam cell structures in comparison to solid,

fully dense monoliths as high as 40%.
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Figure 4.1.3 3D image composite representing a typical



From figure 4.1.3 it can also be noted the irregular etching pits outline the cellular-like structures which
can be seen how the etch-pit features to be regular cubic or rectangular pits comparable to those etched
and previously shown in the grain boundaries in the precursor powder. This unique
precipitate/dislocation-like cell structure, with non-coherent (Cu,O) precipitates attached to dislocations
which form these spatial arrays that are selectively etched forming pits in the optical and SEM images.
This can be seen in Fig. 4.1.5 and Fig. 4.1.5(b) displays the cubic like geometry which propose having a
relative common orientation with precipitate particles. As indicated these features are an indication of
the precipitate column spacing is essentially the same (~2 um) as a consequence of the same electron

beam scan parameter in the electron beam process.

This can be shown by the XRD spectrum representing the EMB-fabricated microstructural
architectures. In addition the Energy Dispersive X-ray Spectroscopy (EDAX) was used to perform a
chemical analysis of the powder particles used in the EBM process as well. Figure 4.1.4 illustrates the
XRD spectrum representing the EBM-fabricated microstructural architecture. The enlarged insert

highlights the Cu,O (111) reflection peak and the Cu,O peak fraction represents ~2 volume percent.
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Figure 4.1.4 lllustrates the XRD Spectra shows Cu,0 representing the EBM-fabricated.

This allows for the formation of copper oxides, (Cu,0), or retention of interstitial oxygen which will
form Cu,O during EBM fabrication creating the directional Cu,O columns or precipitate architecture

displayed shows long precipitate (Cu,O) columns as indicated previously.

The reactions of the etchant produces systematic etch pits that replicate the cubic structure of

Cu0. It is well known that copper oxides reaction to acids and acid etchants such as CuO and Cu,0
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produces systematic etch pits which will emulate the cubic structure of cuprite or Cu;0. This is

illustrated in figure 4.1.5 and 4.1.6 representing the vertical plane.

Figure 4.1.5. SEM views of regular, cube/rectangular etch pits corresponding to elongated cell-like
structures in Fig. 4.1.2. (a) Vertical reference plane structures matching those in Fig. 4.1.2. (b)
Magnified view showing etch-pit geometry.
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Figure 4.1.6. SEM views (A and B) for etch pits characterizing Cu,O column-like architectures in the
vertical plane parallel to the build direction. (B) shows a magnified view for reference marked by arrow
in (A) and (B)

The square and orthogonal pits are evident in both SEM images (Figs. 4.1.5 and 4.1.6). This is evident in
Fig. 4.1.7 showing optical metallograph imagine cell domain, showing a these spatial arrays, that are

selectively etched and form pits in the optical microscope and SEM images.
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Figure 4.1.7 Optical and SEM images representing the Cu,O precipitate showing etching details for the
cellular columns composed of Cu,O precipitates in the horizontal plane.
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4.1.1 Microstructural analysis of rectangular block and geometry prototype components

The same microstructural features can also been seen in the EMB component fabricated in Fig.
3.2.1 (b) and (c). This microstructural architecture which is unique appears to be the cause of either
reprecipitation in the preheat and melt scans or in can be associated with the rearrangement of
precipitatates during the melt scan or both. In additon, as the beam focus changed and the melt-related
heating increased, the variance of precipitate-dislocation arrays between the horizontal and vertical
reference plane became less apparent. These areas can create thermokinetic zones whose spatial
features mainly depend on the EBM- scan dimensions or spacing. These features are illustrated
schematically in figure 4.1.8 creating the microstructural architectures. Thus, as the electron beam

parameters are altered, the regularity of the architectures varies as well.

This is similar to the SLM features that have been discussed for Ti-6Al-4V components
fabricated by Thijs et al. [32], describing the parameter variations in terms of beam-scanning strategies

and as well as the fabrication of Ni-base alloys via EMB described by precipitate architecture [9].
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Figure 4.1.8. EBM scan geometry ideally forming precipitate-dislocation architectures in fabricated Cu
components (Fig. 3.2.1). Preheat scans are marked p(x), p(y) while corresponding melt scans are
denoted m(x), m(y)
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In the case of the rectangular EBM-fabricated component test blocks, irregular architectures can
be seen in the 3-D optical microscope image composites as shown in Fig. 3.2.1These irregular
architectures can be represented by Figs. 4.1.9 and 4.1.10 and corresponds to the hottest energetic melt
scan with a beam focus in comparison of the cylindrical specimen in Fig. 3.2.1(a). The architecture
varies both in the horizontal and vertical reference planes in comparison to the previous Figs. 4.1.2 and
4.1.3, The Vickers microindentation hardness is essentially the same on average as that shown in Fig.

4.1.3.
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Figure 4.1.9. Optical microscopy image (3D) composite section typical for extracted rectangular block
specimens represented in Fig. 8(b).

Figure 4.1.10 Higher Magnification 3-D image of Fig. 4.1.9

These 3-D image composites correspond to the electron beam focus offset of 35, demonstrates
noteworthy embrittlement as evidenced by the fractures that replicate large intergranular fracture.
Figure 4.1.11 shows a failed section taken from the EBM copper components. The top view clearly

outlines the large intergranular fracture areas and the lower 3-D cube composite is similar to Figs. 4.1.2
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and 4.1.7. These columnar-like grains appear to be growing in two colum portions roughly 0.8 cm in

height and indicates some degree of epitaxial growth from the copper base plate.

Figure 4.1.11. Spatial composite showing a typical horizontal reference plane section in a
intergranular-like domain along with 3D image composite for the EBM component illustrated in Fig.
3.2.1(c)
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In order to investigate this further, an area of the base plate was cut and mounted to allow images
to be obtained from the back of the plate as well as from areas near the build or the build interface.
These areas are illustrated by figure 4.1.13 in the views from 1-4, with 4 corresponding to the back of
the base plate furthest from the build. In the first view (1) the top view is represented and it exhibits an
intergranular-like fracture very similar to fig. 4.1.12. The following views (2) and (3) correspond to the
upper base plate sections and about (~1 mm) just below the build base. The base plate bottom view
corresponds to (4) showing not significant grain structure change, however it is clear to note that there is
evidence of oxygen or oxygen precipitate segregation at the grains and grain boundaries especially the
high-energy grain boundary portions. It is important to note that there is no cracking in the views
corresponding to (2) and (3) in the straight-appearing, coherent twin boundaries. It is know that Copper
has an interfacial free energy significantly less than the nominal grain boundary free energy which is

roughly 75 vs. 750 mJ mm’.

Hardness measurements were also taken between the base plate bottom and the top
corresponding to (HV 57) for the base plate bottom and (HV 88) to the top, having an increase of 53%.
In comparison to the precursor powder, the base plate bottom hardness is 26% softer respectively

(HV 57 vs HV 72). This continues to support the precipitation-related hardening effect.

Although there is no clear evidence behind epitaxial growth for the build (as described in the

fabrication of Ti-6Al-4V for the elongated grains by SLM fabrication [32]), the high amounts of oxygen

content of the build has shown to have a high influence in the upper build grain structure.
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Figure 4.1.12 Section from Copper component fabricated by EMB (Fig. 3.2.1.(c)) illustrating the
surface structure in relation to the top base plate microstructure, grain structure (2 and 3) and bottom of
the plate (4) and microindentation hardness averages (HV) are also indicated.
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Figure 4.1.13 shows apparent large, columnar grains suggested in figs. 4.1.11 and 4.1.12 do not
correspond to single-crystal regimes but instead correspond to irregular, polycrystalline compositions
having an average size of ~60 um which is consistent with the precursor powder diameter and larger
than the base plate grain size in fig 4.1.14 (2 and 3) of ~15 ym. X-ray diffraction was also performed

both in the horizontal and vertical reference planes.
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Figure 4.1.13 Typical grain and sub-grain spatial precipitate-dislocation arrays in the horizontal
reference plane corresponding to Figs.4.1.11 and 4.1.12. Note the irregular grain boundaries
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4.2 TRANSMISSION ELECTRON MICROSCOPY ANALYSIS

As shown by figures 4.1.2 - 4.1.9 the cellular-like structures showing the etch pits having
a regular cubic or rectangular pits similar to those in the grain boundaries of the precursor powder, TEM
images provide more specifically delineated features. In figure 4.2.1 the horizontal plane shown by
optical metallograph image reveals the cell/domain spatial reference for the TEM image which indicates
a unique precipitate/dislocation-like cell structure. As previously mentioned, the non-coherent (Cu,0O)
precipitates attached to dislocations (possibly generated at the precipitate/matrix interface) form these
spatial arrays, which are selectively etched and form pits in the optical microscope and SEM images
[30]. These domains contain high dislocation density of dislocation/vacancy loops indicated by the

arrow near the top of the figure.
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Figure 4.2.1 Illustrates TEM bright-field image showing precipitation-dislocation arrays
corresponding to the horizontal reference plane as shown by the optical metallograph in the
insert.
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Figure 4.2.2 is another representation of these features including the vacancy dislocation loops indicated
by the arrow at the bottom right. This figure shows the selective precipitates being etched out (white
areas) and reveals the cubic or cube-related geometry as shown by the SEM analysis. SEM indicated
that these precipitate particles had a relative common orientation which is confirmed by their geometric
or crystallographic coincidence in the (1 1 0) grain surface orientation. This is indicated by the selected-
area electron diffraction (SAED) patter shown in figure 4.2.2. The SAED patter indicates the operating
reflection g points out the[110] trace direction, which shows many precipitates to be associated with

along one edge.
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Figure 4.2.2 Magnified TEM bright-field image showing horizontal reference plane precipitate-
dislocation array microstructure (as in Fig.4.1.5). The insert SAED pattern is a [110] zone axis with g =
[111]. Arrow (lower right) shows typical dislocation loops

The precipitate-dislocation architecture in the vertical plane is associated with elongated cell-like
precipitate/dislocation arrays as shown in Fig. 4.2.3 which are extremely visible by the precipitate

etching along or closed to the build direction. This precipitate-dislocation (microstructural) architecture

are closely associated with Fig. 4.1.5(b) and in coincide with Figs 4.2.1 and 4.2.2. The acid attack by the
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etchant of the H,SO,4 of the surface is stronger than the phosphoric acid etching in the TEM sample
preparation. Thus on the precipitates create the etch pits. As noted these unique microstructures appear
to be strongly related or the result of either precipitation in preheat and melt scans precipitates arranging

during the melt scan or can be a cause of both.

Figure 4.2.3. TEM bright-field image showing precipitate-dislocation architecture features in the
vertical reference plane selective etching at precipitates. SAED pattern insert shows the Cu,O
precipitate diffraction spots.
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Figure 4.2.4 and 4.25 illustrates the Cu,O precipitates to have an average size of about 50 nm-
100 nm. In certain regions these precipitates are highly concentrated in dense dislocation arrays,
possibly generated due to the thermal stresses during the precipitation and rapid cooling during

the EMB fabrication of the components.
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Figure 4.2.4. TEM bright-field image in the vertical plane
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Figure 4.2.5. Illustrates TEM bright-field image in the horizontal plane. Arrow indicates the
Cu,0 precipitate dissolution
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4.3 OPEN- CELLULAR OF CU MESH AND FOAM SPECIMENS

Figure 3.6.2 illustrated the range of open cellular mesh and foams structures varying in densities
that were fabricated for this project. These structures represented four different articulated mesh arrays.
The most dense mesh array is illustrated by fig 4.3.1 as well as with a more dense solid section having a
density of 8.02g/cm’. The presence of the Cu,O along with the unmelted or unconsolidated regions
contained in these components helped the reduction in density. As shown by the X-ray diffractometer
spectral peaks, the volume fraction of Cu,O precipitates was to be ~2%. The anisotropic strut structures
for reticulated mesh structures for isotropic stochastic foam samples are illustrated in Fig. 4.3.2. These
structures are compared in corresponding to the reference planes of 90° and 45° in the samples views.

The density for these foam arrays varied in densities of 0.73 to 1.70 g/cm’.
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Figure 4.3.1 Reticulated mesh structures (a) and (c) in comparison to stochastic open cellular foam (b)

and “solid build” (d)
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Figure 4.3.2 Comparison of EBM fabrication non-isotropic-geometry for reticulated mesh (a)
and isotropic stochastic, open cellular foam samples (b) and 90° and 45° respectively.
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Optical metallography was also performed on the mesh strut and foam ligament microstructures and was
used in comparison as shown in figure 4.3.3. These microstructures analysis corresponds to the mesh
and foam samples illustrated in 4.3.1 (a) and (b) respectively. It is important to note that the Cu,O
precipitate microstructural arrays continue to have an average spacing of 2jum in the horizontal plane in
comparison to the same Cu,O precipitate microstructures in the build vertical plane as indicated by the
arrow. Note that these same microstructural regimes are also observed in the solid sample with the

density of (8.02 g/cn?’).
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Figure 4.3.3 Horizontal and vertical plane constructions typical of reticulated mesh strut microstructure
(a) and stochastic foam ligament microstructure. The build direction is shown by the arrow (left) [34]
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Using the solid sample from Fig 4.3.1, TEM sections were prepared following the same method
as with the Cu components procedure. These showed the same results as previously seen from the TEM
analysis also performed on the Cu components fabricated by TEM. Figure 4.3.4 illustrates a bright-field
TEM image consisting of Cu,O precipitates as well as unique dislocation cell-like microstructures with a
spacing of ~2 ym. This cell-like arrays exhibit a homogeneous distribution of vacancies created by the

rapid cooling during the build process.

300 nmn
Figure 4.3.4 TEM bright-field image for horizontal plane microstructural arrays observed in the “solid”
sample in Fig.4.3.1 (8.02 g/cm3) showing Cu20 precipitate and dislocation cell-like microstructures.
The insert shows a corresponding horizontal plane view of these microstructural arrays observed by
optical metallography. Vacancies or vacancy dislocation loops are noted by arrows (V), while
dislocations intermixed with the Cu20 precipitates are noted by arrows labeled (D) [40]
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The average hardness was measured in the residual microindentation hardness for the solid structure in
the horizontal plane having a hardness measurement of HV 85 (0.85 GPa) The corresponding of
hardness of the precursor powder was measured as HV 72 (0.72 GPa) which resulted in a 18% increase
from the precursor powder and the solid specimen. Furthermore the mesh strut and foam ligament
hardnesses were also measured and resulted in having an average of HV 161 (1.61 GPa) and HV 70
(0.70 GPa) for all orientations. In comparison of annealed Cu and heavily deformed Cu respectively, the
microindentation hardness ranges from HV 55 to HV 60 and annealed Cu was ~HV 115 (1.15 GPa).
Considering that yield stress is estimated as ~HV/3, the creation of Cu,O microstructure in EBM-
fabricated Cu mesh and foam components contributes to improved strength, both in tension and

compression for the open cellular structures [34].

4.4 YOUNG’S MODULI (E)

Figure 4.4.1 compares the measured stiffnesses or Young’s moduli (E) versus their
corresponding densities for the reticulated mesh and stochastic foam samples in (a) and the relative
stiffnesses (E/E,) versus the relative densities (p/ p,) for the Cu samples for both the mesh and foam.
The Cu foams were prepared by a lost carbonate sintering (LCS) process in powder metallurgy [35] as
well as the measured values for Ti-6Al-4V mesh and foam samples fabricated by EBM. The
extrapolated intercept for E to a density (p,) of 8.9 g/cm3 for the open cellular Cu samples correspond to
Eo=110 GPa and 4.43 g/cm’ as well [34]. As previously discussed, the slopes of these mesh and foam
plots are illustrated in comparison to the idealized slope for stochastic, open cellular foams given by
Ashby, where n=2. The Cu plots followed a corresponding slope of n=2 for the reticulated mesh samples
and n=2.4 for stochastic foams. The LCS Cu foam data, corresponded to a slope of ~1.2 being way
below the range of open-cellular Cu structures fabricated by EMB process. This slope was also below

more conventional foam samples which is (~1.8). Ti-6Al-4V having a slope range in n= 2.2 serving as a
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calibration reference for the Cu stiffness measurements. Note these measurements are offset for the

different open cellular materials in fig. 4.4.1.
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Figure 4.4.1 Stiffness (E) vs density (p) for Cu and relative stiffness (E/Eo) versus relative density
(p/po) for Cu and Ti-6Al-4V. Portion of this data is from Murr et al. [28]
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These multi-functional micro-struss/ligament sandwich or related multi-component assemblies,
especially complex heat exchange devices and related thermally engineered materials structures [34].
The mesh or foam strucuture has conductive pathways through the strut or ligament microstructures
which determines their buckling or collapse unders stress. This has been explained by Ashby et al.[23]
showing the relationship between the thermal conductivity and the relative density of a metal foam

given by the equation:

1.8 1.65
()" <x<x(2)
‘[)O ,—’O

where K and K; correspond to the solid (fully dense) material thermal conductivity and foam
conductivity, (p/ po) is referred to the relative density. The heat transfer by metal foams due to thermal
dispersion effect is proportional to the cell size and the thermal conductivity is proportional to the
electrical conductivity which gives scales linearly with absolute temperature [34]. Thus the open
cellular structures of Cu have gives one of the highest conductivities in both thermal and electrical
which give electronic thermal management system. Figure 4.4.2 illustrate the Cu open strut and
ligament microstructure showing considerable micro-roughness due to the unmelted and sintered surface
particles. The heat transfer rate will highly depend upon the pore size and the strut or ligament surface
roughness but the surface structure will also increase the surface area and thus allows for improvement

in heat transfer.
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Figure 4.4.2 SEM image comparison for a reticulated mesh strut microstructure (a) and stochastic open
cellular foam ligament microstructure (b).
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However, this can also be influenced by cell crushing due to strut or ligament collapse which is
terrible for brittle materials. This is illustrated in figure 4.4.3 which shows a classical ductile behavior
for Cu mesh and foam structures showing shear type failure. This was performed by a modified Charpy
test system. The ductile dimple fracture features are dominant in these regions. These dimple/shear
dimple spacing averages a spacing ~2 ym which is consistent with the Cu,O dislocation array and

shown in previous figures.

Figure 4.4.3. SEM micrograph showing impact-shear fractography views for mesh strut (c) and foam
ligament (d) fracture surface.
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Chapter 5

Summary and Conclusions

Cu atomized precursor powder containing high concentration of cuprite precipitation has been
observed to form novel precipitate-dislocation architecture in the components fabricated by AM using
EBM. This can be performed by optimizing the process parameters which can lead to controlled
microstructural architectures with novel properties and performance features. These novel properties
have also been supported by the Co-base and Ni-base alloys [30]. These cell-like equiaxed arrays in the
horizontal reference plane perpendicular to the build direction having dimensions ranging from ~1 to
3um allowing for an increase in hardness in EBM — fabricated Cu, ranging from a base plate hardness of
57 to an EBM part of HV 88. The precursor powder had a hardness average of 72 corresponding to a
hardness extension of 54%. This method of achieving this microstructural architecture can be used to
extend the materials science and engineering paradigm involving materials structure-properties-

processing-performance.
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MATERIALS SCIENCE & ENGINEERING
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Figure 5.1: Novel property-performance an extension for the materials, science and engineering

paradigm: structure — properties — processing — performance plus architectures

In addition, open cellular structures-reticulated meshes and stochastic foams by additive
manufacturing using electron beam melting from precursor Cu powder were fabricated containing Cu,O
precipitates due to the Cu powder. These precipitates and the formation of additional precipitates created
in the EBM melt scan process contributed to hardening and the strength of mesh struts and foam
ligaments. The stiffness or Young’s moduli (E) for the Cu open cellular structures vary with density and
relative stiffness versus relative density plots for Cu compared very closely to Ti-6Al-4V for open
cellular structures both mesh and foam. The Cu reticulated mesh structures showed a slope of n=2 in
contrast to a slope of n=2.4 for the stochastic Cu foams which follow the ideal open cellular foam slope

of n=2 given by Gibson-Ashby foam model.
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The ability to fabricate complex monolithic structures and devices fabricated by additive
manufacturing via electron beam melting composed of various open cellular structures suggest a wide
range of thermal management or heat exchange applications. This is due to the higher thermal and
electrical conductivity of Cu and its significantly higher operating temperature in comparison to Al or Al

alloys.
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Appendix

Simple Unit Cell

Different type of unit cells
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Samples for EBM fabrication of open-cellular structures using CAD. (a) Using
Materialise™ software shows the fabrication of strut structure indicated by arrow. (b) microCT

scan element of cellular foam model.

Advantages Disadvantages
— Controlled structures — Hard to design functional cells
— Lightweight — Limited designs
— Reduces the number of process — Cleaning
steps in manufacturing — Non isotropic structure
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Foam Process

Advantages

Disadvantages

Random
Easy to reproduce

Semi isotropic structures

Surface geometry dictated

repeating cell and cell size

by
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DYNAMIC YOUNG’S MODULUS MEASUREMENT

dynamic E E = = (under vibratory conditions)
For a cantilever beam of length L with a clamped boundary condition:
12pL*f2 o _
E = e f, = resonant frequency
n

p = sample density; a, is a characteristic number of

the nth mode;
t is the beam thickness (standardized specimen

dimensions)

E =cpf?

C is a measuring constant
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Abstract

The fabrication of Cu components by additive manufacturing using electron beam melting (EBM) from low-purity, atomized Cu
powder containing a high density of Cu,O precipitates exhibits a nowvel example of predpitate-dislocation architecture. Such
architectures are seen by optical metallography, and scanning and transmission electron microscopy, to consist generally of equiaxed
precipitate—dislocation cell-like arrays (1-3 pm) in the horizontal reference plane perpendicular to the build direction with elongated
or columnar-like arrays extending from ~12 to =60 pm in length and corresponding spatial dimensions of 1-3 pm. The hardnesses
for these architectures ranged from ~HV 83 to 88, in contrast to the original Cu powder microindentation hardness of HV 72 and
the commercial Cu base plate hardness of HV 57. These observations illustrate the prospect for creating some form of controlled micro-
structural architecture by EBM parameter alternation or optimization.
© 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: EBM (electron beam melting); SEM (scanning electron microscope); TEM (transmission electron microscope); Equiaxed precipitate; Copper

1. Introduction

It has recently been demonstrated in a Co-base alloy
containing 0.2% C, fabricated from precursor powder by
additive manufacturing (AM) using electron beam melting
(EBM), that the electron beam raster and melt scan param-
cters create spatial carbide arrays [1]. These arrays are
extended into carbide columns as the layers grow. Similar
spatial precipitate arrays have also been observed in Inco-
nel 718 (a Ni-base alloy) fabricated by EMB [2], while in a
selective laser melting (SLM) study of Ti-6Al-4V alloy,

* Corresponding author at: Department of Metallurgical and Materials
Engmeering, University of Texas at El Paso, El Paso, TX 79968, USA.
Tel.: +1 915 747 5468.

E-mail address: fekberg@utep.edu (L.E. Murr).

elongated, textured grain formation was shown to be
directly related to the process parameters, including heat
input [3] These observations provide unique if not
revolutionary examples of the prospects for controlled
microstructural architecture development in material
processing. This concept extends the traditional materials
science and engineering paradigm of microstructure

property-processing-performance to include microstruc-
tural architecture. Although the growth in a controlled
manner of columnar grains might be considered a form
of microstructural architecture, it represents the spatial
and geometrical manipulation of grains or grain structures
[1-3]. Dislocation arrays can also be manipulated to form
cell structures in metals and alloys whose sizes and cell-wall
thickness (or dislocation density in the cell walls) can be
manipulated by strain, but these are not true architectures

1359-6454/536.00 @ 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.actamat. 2011.03.033
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Fig. 1. Precursor copper powder (SEM images). The magnified inset shows particle surface features delineating grains having average diameters of ~6 pm.
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Fig. 2. Precursor copper powder particle size distribution with an average size of 60 pm (arrow).
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since they represent only spatial arrays. Varieties of precip-
itate morphologies and microstructures have also been
manipulated by heat treatment or aging in alloy composi-
tions, but these are also not architectures, are confined to
the grain matrix in polycrystalline alloys and often vary
in geometry as a consequence of the crystal orientation of
each grain, or similarly oriented grains.

Precipitates, either coherent or non-coherent, occur as
spatial but random arrays which are not manipulated into
some semblance of architecture by processing or process
variations. The process manipulation of precipitates to
form even simple architectures transgressing grain

D.A. Ramirez et al. | Acta Materialia 59 (2011 ) 40884099

structures or grain boundaries as illustrated conceptually
in Co-base alloy and Ni-base alloy fabrication [1,2] illus-
trates the prospects for manipulating microstructures to
form architectures which can extend the materials science
and engineering paradigm alluded to earlier. The challenge
in achieving these architectures involves the selection of
candidate metals and alloys, and the manipulation or opti-
mization of the process parameters necessary to achieve
controlled microstructural architectures which can extend
current performance parameters or desirable properties.
In this paper we illustrate the concept of a controlled
microstructural architecture in a low-purity, high-

Fig. 3. Precursor copper powder particle internal microstructure for embedded, ground, polished and etched particles. (a) Single-particle observation in
the SEM showing grain structures apparent from the surface views of Fig. 1 (inset). (b) Magnified view showing preferential etch/etch pits having regular

(cubic-like) geometries within the grain boundaries.
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Fig. 4. Arcam A2 EBM system schematic rendering. Numbered compo-
nents and machine functions are described in the text.

oxygen-containing copper fabricated by EBM. The precur-
sor Cu powder contained a high volume fraction of Cu,O
precipitates, which were retained in the EBM products
and distributed in spatial architectures, along with a dense
dislocation substructure as a consequence of the powder-
layer preheat and melt scan parameters for the electron
beam. Here we develop a systematic analysis and charac-
terization of these novel phenomena using optical micros-
copy and transmission electron microscopy.

2. Experimental details

In this investigation we used an atomized copper powder
having a nominal purity of 99.8% Cu. The balance of this
composition was primarily oxygen, which formed a high
volume of copper oxides (Cu,O: cuprite) that segregated
to the powder grain boundaries. Cu,O has a cubic crystal
structure, with a lattice parameter of 427 A and space
group PN3M. Typical Cu powder size and morphology
are illustrated in the scanning electron microscope (SEM)
image shown in Fig. 1. The particle size distribution con-
sisted primarily of larger particles, ranging from roughly
40 to 100 um, with smaller, satellite particles attached, as
illustrated in Fig. 1. This size distribution is shown in
Fig. 2, where the average particle size was 54 um. Particles
were encapsulated in mounting epoxy, which was ground,
polished and etched to reveal the interior microstructures

Fig. 5. Examples of components and component (build) geometries fabricated by EBM. (a) Small cylinder, (b) quarter section from 5 ¢m (25 cm?) block,

(¢) structured-geometry prototype product.
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Fig. 6. Optical representation of the microstructure in the horizontal direction for the component in Fig. Sc. Beam offset: (a) 10, (b) 25 and (c) 35, with 35

being the deepest focal length.

of the particles as illustrated in Fig. 3, where the grain size
averages 6 um, a relatively small size that gives rise to an
instrumental Vickers microindentation hardness of 72, as
indicated in Fig. 3a. The magnified view shown in Fig. 3b
illustrates the selective etching of precipitates within the
grain boundaries forming regular, often square or rectangu-
lar, pits.

Fig. 4 shows the Arcam A2 EBM system schematic. In
this system the Cu precursor powder (Fig. 1) was contained
in cassettes indicated at (4), where it was gravity fed to the
build table to be raked (5) into successive layers roughly
100 pm thick. The electron beam is generated in the elec-
tron gun (1) at an accelerating voltage of 60kV, focused
by magnetic lenses at (2) and scanned by scan coils at (3)
to preheat and selectively melt the powder layer using a
computer-aided design (CAD) program. As the component
(6) was fabricated, the build table (7) drops down. This
table consisted of a commercial copper plate preheated
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(with the beam) to 550 °C. Powder layers that had been
raked and selectively melted were also preheated by scan-
ning the beam (in a vacuum of ~10 " torr) at a rate of
~10*mm s~ in 10 passes at a beam current of 13.4 mA,
while the melt scan followed at a scan rate of 80 mms™
at a beam current of 10 mA. A pre-melt scan was also
employed at a scan rate of 2 x 10° mms™' with a 30 mA
beam current. Each of these beam-scanning steps involved
orthogonal beam rastering over the powder bed in the
x- and y-directions. The scan domain (the x-y zone) cre-
ated especially in the melt scans is dependent on the beam
focus, which directs maximum energy at varying depths
within each powder layer for efficient melting. In this work
we varied the so-called beam focus offset using focus num-
bers which ranged from 10 to 35, with 35 being the deepest
focal length. There was no change in scan spacing; how-
ever, the change in scan spacing came from the beam focus
offset and by varying the beam focus offset, the spacing
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increases. These features are similar to the scanning strate-
gies described by Thijs et al. [3] and Verhaeghe et al. [4] for
SLM fabrication.

A variety of specimen geometries were fabricated in this
study to allow for a range of build parameters to be exam-
ined. These included small cylinders and rectangular
blocks, as well as other geometry variations. These are
illustrated in Fig. 5. Coupons or smaller specimens were
extracted from these components (Fig. 5b and c). The
extracted test coupons/specimens were cut into sections
that were perpendicular or parallel to the build direction.
Sections viewed in these orientations were designated hor-
izontal (H) or vertical (V), respectively. These oriented sec-
tions were mounted, ground, polished (using a final polish
with 0.03 pm alumina) and etched using a solution consist-
ing of 100 ml of water, 8 ml of sulfuric acid, 4 ml of sodium
chloride (as a saturated solution) and 2 g of potassium per-
chlorate. Etching times varied from ~2 to 3 s. Etched and
rinsed (in H,O) samples were observed in a Reichart MF4
A/M optical metallograph utilizing a digital image con-
verter. Polished and etched samples were also observed in
a Hitachi H-8500 field emission SEM operating at 20 kV
in the secondary electron emission mode.

Sections cut from various build geometries (Fig. 5) were
also sliced into thin sections using a thin-blade diamond

Fig. 7. 3-D image composite representing a typical section of the
cylindrical component illustrated in Fig. Sa. Corresponding horizontal
and vertical reference-plane microindentation hardness (HV) averages are
indicated. The arrow indicates the layer building direction.
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saw and ground and polished to a thickness of ~0.2 mm.
Three-millimeter discs were then punched from these thin
sections, mechanically dimpled on each side and electropo-
lished to electron transparency in a Tenupol-3 dual-jet
electropolishing unit operated at 8 V and a solution tem-
perature of 15 °C. The electropolishing solution consisted
of 825 ml of water, 375 ml of ethanol, 300 ml of phosphoric
acid, 75 ml of propanol and 2.5 g of urea. The electro-
polished discs were examined in a Hitachi H-9500 trans-
mission electron microscope (TEM), operating at 300kV
accelerating potential, utilizing a goniometer-tilt stage
and a CCD digital imaging camera.

The residual Vickers microindentation hardness (HV) of
the mounted, polished and etched samples corresponding
to the horizontal and vertical reference planes was mea-
sured in a Struers Doramin A-300 digital test station using
a 100 gf load, with a dwell time of 10s.

3. Results and discussion

Fig. 6 illustrates an optical representation of the micro-
structure in the horizontal direction for the components
(Fig. 5c) with beam offsets (focus setting) of (a) 10, (b)
25, and (c) 35, with 35 being the deepest focal length. This
feature follows similar processing variations for SLM fab-
rication [3,4], and illustrates a refinement in microstructure
with thermal variations implicit in beam focus variations.
Fig. 7 shows a three-dimensional (3-D) image composite

Magnified 3-D image composite as in Fig 7.

Fig. 8.
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representing a cylindrical section from Fig. 5a which illus-
trates small, equiaxed cell or domain structures in the hor-
izontal plane (perpendicular to the build direction shown
by the arrow at the right) and connected (or correspond-
ing) elongated structures or structure variations in the ver-
tical plane parallel to the build direction. These domains
are considerably smaller than the equiaxed grain structure
typical of the precursor powder illustrated in Fig. 3, and
account in part for the considerable hardness increase in
both the horizontal and vertical planes, as indicated in
Fig. 7. In addition, while the average (horizontal and ver-
tical planes) microindentation hardness is ~HV 83 and a
15% increase over the precursor powder in Fig. 3), there
is a 7% difference between the softer horizontal plane and
the vertical plane.

Fig. 8 shows a magnified view of a 3-D image composite
section as in Fig. 7, illustrating irregular etching features

(etch pits) delineating cellular-like structures, while Fig. 9
shows these etch-pit features to be regular cubic or rectan-
gular pits similar to those etched in the grain boundaries in
the precursor powder in Fig. 3. These features are more
specifically delineated in the TEM images provided in Figs.
10 and 11. In Fig. 10 a corresponding horizontal plane
optical metallograph image inset shows the cell/domain
spatial reference for the TEM image which shows a unique
precipitate/dislocation-like cell structure. Non-coherent
(Cu,0) precipitates attached to dislocations (possibly gen-
erated at the precipitate/matrix interface) form these spa-
tial arrays, which are selectively etched and form pits in
the optical microscope and SEM images (Figs. 8 and 9).
The cell or domain centers contain a high density of dislo-
cation/vacancy loops, as illustrated at the arrow near the
top of Fig. 10. Fig. 11 shows these features magnified,
including the vacancy dislocation loops (arrow bottom

. 5t
‘3 - :
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N

Fig. 9. SEM views of regular, cubic/rectangular etch pits corresponding to the elongated cell-like structures in Fig. 7. (a) Vertical reference plane
structures matching those in Fig. 7. (b) Magnified view showing the etch-pit geometry.
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Fig. 10. TEM bright-field image showing precipitate-dislocation arrays
corresponding to the horizontal reference plane (Fig. 8), as illustrated in
the optical metallographic image shown in the inset.

right). It can be noted in Fig. 11 that selective precipitates
have been variously etched out (white areas) and some
exhibit the cubic or cube-related geometry illustrated in
the etch pits of Fig. 9. The etching shown in Fig. 9b sug-
gests that these precipitate particles have a relatively com-
mon orientation, and this is confirmed on examining the
precipitate morphologies and their geometric or crystallo-
graphic coincidence in the (1 1 0) grain surface orientation,
as represented in the selected-area electron diffraction
(SAED) pattern inset in Fig. 11. The operating reflection,
g, in the Fig. 11 inset indicates the [110] trace direction,
which many precipitates appear to be associated with along
one edge.

Fig. 12 illustrates the precipitate-dislocation (micro-
structural) architecture features in the vertical plane refer-
ence, showing elongated cell-like precipitate/dislocation
arrays that are exaggerated by precipitate etching along
or close to the build direction. These are closely associated
with Fig. 9b, and effectively the same as shown in Figs. 10
and 11. It should be noted that the H,SO, in the surface
etch (Fig. 9b) is more aggressive than the phosphoric acid
etching in the TEM sample preparation. Consequently,
only the precipitates or volumes near them create etch pits.

This unique microstructural architecture, especially in
the context provided in the observations of Figs. 7-12,

4095

Fig. 11. Magnified TEM bright-field image showing the horizontal
reference plane precipitate-dislocation array microstructure (as in
Fig. 10). The inset SAED pattern is a [110] zone axis with g=[111]
The arrow (lower right) shows typical dislocation loops.

Fig. 12. TEM bright-field image showing precipitate-dislocation archi-
tecture features in the vertical reference plane (Fig. 7). Especially
prominent is the linear, selective etching at the precipitates. The inset
SAED pattern shows the Cu,O predpitate diffraction spots.
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Fig. 13. EBM scan geometry ideally forming precipitate-dislocation
architectures in fabricated Cu components (Fig. 5). Preheat scans are Fig. 15. The 3-D image composite in Fig. 14 under higher magnification.
marked p(x) and p(y), while the corresponding melt scans are denoted
m(x) and m(y).

Fig. 14. 3-D optical microscope image composite section typical of the
extracted rectangular block specimens represented in Fig. Sb.

\ \ v (LR

AV IR
appears to be the result of either reprecipitation in the AL R DR
thcat ar}d melt scans or the rearrangement of .thc pre?lp'- Fig. 16. Spatial composite showing a typical horizontal reference plane
itates during the melt scan, or both. The spatial precipi-  section in an intergranular-like domain along with 3-D image composite
tate-dislocation arrays observed in the horizontal plane  for the EBM componentillustrated in Fig. Sc.
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Fig. 17. Spatial array illustrating the surface structure of the EBM component (1) in Figs. 5¢ and 16 in relation to the upper base plate microstructure/
grain structure (2 and 3) and the bottom of the plate (4). Corresponding microindentation hardness averages (HV) are also indicated.

and illustrated in Figs. 7-12 appear to be related to, and
controlled by, the preheat and melt scan parameters, espe-
cially the change in direction (x, y). This scan geometry cre-
ates thermokinetic zones whose spatial features are
particularly dependent on the EBM-scan dimensions or
spacing. Fig. 13 illustrates these features schematically in
creating the microstructural architectures. As these elec-
tron beam parameters are altered, the regularity of the
architectures can vary as well. Similar features have been
discussed for the SLM fabrication of Ti-6Al-4V compo-
nents by Thijs et al. [3], who describe the parameter varia-
tions, etc. in the context of beam-scanning strategies, while
similar precipitate architectures have also been described
for an Ni-base alloy fabricated by EMB [2].

On examining the rectangular EBM-fabricated test
blocks, irregular architectures can be seen to occur
(Fig. 5b), as represented in the 3-D optical microscope
image composites for a test block section (as shown in
Fig. 5b) corresponding to a more energetic melt scan, with
a different beam focus from that in the initial cylindrical
sample illustrated in Fig. 5a (see Fig. 6). A typical example
of this feature is represented in Figs. 14 and 15 for a section
from Fig. 5b where the architecture varies in both the hor-
izontal and vertical reference planes in contrast to Figs. 7

and 8. The Vickers microindentation hardness shown in
Figs. 14 and 15 is essentially the same, on average, as that
shown in Fig. 8, although there is less variance between the
horizontal and vertical reference planes. Figs. 14 and 15
highlight these microstructural architecture variations in
comparison with Fig. 8.

Fig. 5c, corresponding to an electron beam focus offset
of 35, particularly illustrates considerable embrittlement,
as evidenced by the features which resemble a large
intergranular fracture. These features are illustrated in
Fig. 16, which shows a failed section from Fig. 5c. The
large, intergranular fracture features are apparent in the
upper view of Fig. 16, while the 3-D image composite rep-
resented in the lower part of the figure is similar in most
respects to Figs. 7 and 14. The large, column-like grains
evident in Figs. 16 and 5c seem to grow in two column sec-
tions roughly 0.8 cm in height (Fig. 5c) and suggest some
degree of epitaxial growth from the copper base plate (Figs.
4-17)). In order to investigate this feature, a base plate
specimen was cut and mounted to allow images to be
obtained from the back of the plate, and from selective sec-
tions near the build or build interface. Fig. 17 illustrates
these section views from 1 to 4, with 4 being the back of
the base plate furthest from the build. Fig. 17(1) represents
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Fig. 18. Typical grain and sub-grain spatial precipitate-dislocation arrays in the horizontal reference plane corresponding to Figs. 16 and 17. Note the

irregular grain boundaries.

the top of the build and exhibits an intergranular-like frac-
ture similar to Fig. 16, while Fig. 17(2) and (3) shows upper
base plate sections at and just below (~1 mm) the build
base. While the grain structure is not significantly changed
from the base plate bottom (Fig. 17(4)), there is clear evi-
dence of oxygen or oxide precipitate segregation at the
grains and grain boundaries, especially the high-angle or
high-energy grain boundary portions. In this respect, note
in Fig. 17(2) and (3) that there is no cracking along the
straight-appearing, coherent twin boundaries, which in
copper have an interfacial free energy significantly less than
the nominal grain boundary free energy: roughly 75 vs.
750 mJ mm ™ [5]. It should also be noted in Fig. 16 that
the hardness between the base plate bottom (HV 57) and
the top (HV 88) increases by 53%. The base plate bottom
hardness is also 26% softer than the precursor powder
(HV 57 vs. HV 72, respectively). This illustrates the precip-
itation-related hardening effect also observed in the EBM
products (Fig. 5).

While there does not appear to be any clear evidence for
epitaxial growth for the build (as described for elongated
grains in the SLM fabrication of Ti-6A1-4V [3]), the rich
oxygen content of the build appears to influence the upper
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build grain structure significantly. Interestingly, the appar-
ent large, columnar grains suggested in Figs. 16, 17 and 5c
are not single-crystal regimes but, rather, irregular, poly-
crystalline arrangements with average grain sizes of
~60 um, consistent with the starting (or precursor) powder
diameter (Fig. 2) and larger than the base plate grain size
(Fig. 17(2)(4)) of ~15um. This feature is shown in
Fig. 18, which represents a section view of Fig. 17(1). Note
that the magnified horizontal plane section views of Figs. 7,
8 and 14-16 correspond to a grain interior region in
Fig. 18. The grain structures and grain sizes implicit in
Fig. 18 were also confirmed by X-ray diffraction in both
the horizontal and vertical reference planes.

Whereas high concentrations of oxygen and especially
copper oxide precipitates in copper are normally detrimen-
tal and generally avoided in high-purity Cu, this investiga-
tion suggests prospects for revolutionary developments in
precipitation-hardenable or precipitation-rich metals and
alloys. By adjusting or optimizing the process parameters,
these features may lead to controlled microstructural archi-
tectures with novel properties and performance features.
This has been demonstrated previously for carbide archi-
tectures in a Co-base alloy and columnar precipitates in a
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Ni-base alloy [1.2], and is confirmed by the observations
presented in this paper.

4. Summary and conclusions

A relatively impure (98.5%) Cu (atomized) precursor
powder containing a high concentration of Cu,O (cuprite)
precipitates has been observed to form unique and unusual
precipitate—dislocation architectures (or regular, spatial
arrays) in a variety of component geometries fabricated
by AM using EBM. These spatial arrays occur within reg-
ular grain structures and demonstrate the prospect of pre-
cipitate-dislocation (microstructural) architecture control
for achieving novel property-performance extensions using
a select, optimized process (EBM) to extend the many dec-
ade materials science and engineering paradigm involving
the connectivity of material structure-properties-process-
ing-performance. The precipitate-dislocation architecture
observed in EBM-fabricated products has very similar spa-
tial and geometrical arrays to the columnar carbide arrays
created in a Co-base, carbon-containing alloy by EBM:
cell-like, equiaxed arrays in the horizontal reference plane
perpendicular to the build direction having dimensions
ranging from ~1 to 3 pm. These precipitate-dislocation
architectures create increased hardness in EBM-fabricated
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Cu, ranging from a base-plate hardness of HV 57 to an
EBM product hardness of HV 88, referenced to the precur-
sor powder containing CuzO precipitates that has a hard-
ness of HV 72. This corresponds to a hardness extension
of 54%.
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Precipitates heat exchange devices.

Cu reticulated mesh and stochastic open cellular foams were fabricated by additive manufacturing using
electron beam melting. Fabricated densities ranged from 0.73 g/cm? to 6.67 g/cm?. The precursor Cu pow-
der contained CuzO precipitates and the fabricated components contained arrays of CuzO precipitates
and interconnected dislocation microstructures having average spacings of ~2 pm, which provide hard-
ness values ~75% above commercial Cu products. Plots of stiffness (Young's modulus) versus density and
relative stiffness versus relative density were in very close agreement with the Gibson-Ashby model for
open cellular foams. These open cellular structure components exhibit considerable potential for novel,
complex, multi-functional electrical and thermal management systems, especially complex, monolithic

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Two common types of open-cellular structures include retic-
ulated (grid-like or network) mesh structures and stochastic (or
random) foam structures. Key physical features of these open-
cellular mesh and foam structures include strut or ligament
(cross-section) dimensions, surface area (specific surface area:
m?/g), low porosity and relative density, high thermal conductiv-
ity and strain isolation (and buffer) between structures (including
so-called stress shielding in metal or next generation biomedical
implants [1]), and often attractive specific strength. Metal foams
in particular have been manufactured for many years by metal-
lic sintering of powder, metal deposition by physical or chemical
vapor (PVD or CVD respectively: including electron beam-directed
vapor deposition), investment casting, and other novel techniques.
The most common metal foams over the past several decades
have been aluminum or aluminum alloys manufactured by liquid
or semi-liquid foaming technologies [2]. These foams have pro-
vided light-weight supporting structures in aerospace applications
as well as heat exchanger applications where their compact, light
weight, open cellular structures provide efficient heat transfer [3,4].

* Corresponding author at: Department of Metallurgical and Materials Engineer-
ing, The University of Texas at El Paso, El Paso, TX 79968, USA. Fax: +1 91574748002.
E-mail address: daramirez2@miners.utep.edu (D.A. Ramirez).
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Heat transfer by conduction involves energy transfer without
any material motion, and the rate of heat transfer is depen-
dent upon the temperature gradient as well as the thermal
conductivity of the material. At some specific temperature, the
thermal and electrical conductivities of metals are proportional.
Raising the temperature however increases the thermal conductiv-
ity while decreasing the electrical conductivity. Correspondingly,
metals with high electrical conductivity would represent high ther-
mal conductivity at a given temperature. Consequently, copper
becomes an obvious candidate for mesh or foam structure appli-
cations for a variety of thermal management systems, including
of course electronic thermal management applications. Contem-
porary metal foam manufacturers have fabricated open cellular
copper foams by a variety of powder metallurgy techniques for
these purposes [5].

In the case of actively cooled vehicle skin structures, particularly
open-cellular metal core sandwich panel wingskins for aeronau-
tic or aerospace applications, copper is especially unique because
of its high thermal conductivity and reasonable specific strength.
The development and fabrication of mesh and foam structures with
densities one-tenth that of bulk copper therefore make these con-
cepts attractive not only for wingskin applications but a host of
other multifunctional truss or ligament structures. However, unlike
aluminum and aluminum alloys [2,6] there is no similar data com-
paring copper mesh or foam structure stiffness or specific strength
with density or relative density and other properties [7,8]. For alu-
minum and its alloys, plots of relative stiffness (or modulus) versus
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Fig. 1. Arcam A2 EBM facility (a) and Cu precursor powder (b). The Cu powder (b) is gravity fed from cassettes and raked into a layer ~100 pum where the focused electron

beam rasters to pre-heat the layer and finally melt prescribed areas.

relative density are characterized by the Gibson-Ashby model for
open cellular foams [6]:

E pA"
Eo ~ (Po) : (1)
where E and E; are the Young's modulus for specific, open-cellular
materials with density p, and the fully dense, bulk material (E;)
with a density of p,. Values of n for Al and Al-alloys vary from
~1.8 to 2.2, but n=2 generally applies to a wide range of alu-
minum and aluminum alloy data [2,6]. Murr et al. [1,9] have also
recently demonstrated that both regular, reticulated mesh struc-
tures as well as open cellular foam structures of Ti-6Al-4V follow
a similar log-log plot, with n=2.4. Ti-6Al-4V is also a promi-
nent aerospace material with a density of 4.43 g/cm? in contrast
to Al where po=2.7g/cm3. Correspondingly, open-cellular and
multi-functional structures fabricated from Ti-6Al-4V have spe-
cific advantages over aluminum and its alloys.

While open cellular Cu foams have been commercially avail-
able for at least a decade using sintered Cu powder as a precursor
to produce lace microstructures or other open microstructures [5],
there are no examples of complex Cu open-cellular structures fab-
ricated as multi-functional monoliths. In this research paper, we
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describe the systematic fabrication of various Cuopen cellular mesh
and foam structures from a powder precursor by layer or addi-
tive manufacturing (AM) using electron beam melting (EBM). In
addition, we have characterized these components using optical
and electron microscopy (both scanning and transmission electron
microscopy: SEM and TEM, respectively) along with measure-
ments of the dynamic Young's modulus or stiffness as a function of
density.

2. Experimental methods/procedures

Fig. 1(a) illustrates the basic AM-EBM system while Fig. 1(b)
shows the Cu precursor powder with an average particle diam-
eter of ~65 um. This powder, with a purity of 99.8%, contained
Cu;0 precipitates and residual oxygen as a consequence of the
atomization production process. The EBM system (Fig. 1(a)) was
an Arcam A2 which builds monolithic structures layer-by-layer
using computer-aided design (CAD) software/models to melt spe-
cific, spatial arrays in each layer - raked from gravity fed powder
cassettes. This is achieved by scanning the focused electron beam
in multiple pre-heat scans prior to the melt scan [2]. In this research
program we used materialize/magic Materialise/Magic® software
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Fig. 2. Software (CAD) model renderings of Materialize dode-thin mesh build (a) and open cellular foam model (b). The unit and extended cell views for (a) are at 45° from

(0) to (45<) normal to the face (0) and along a diagonal (edge) (45=).

to create reticulated mesh structures based on geometry elements
or a build lattice unit cell which can be dimensionally scaled to
produce density or porosity variation. Computed-tomography (CT)
scans of commercial, open-cellular aluminum alloy foams created
a stochastic open-cellular foam build unit which was geometri-
cally scaled to create monolithic density or porosity variations
[1]. Fig. 2 compares 3D-CAD models characteristic of these open-
cellular mesh and foam structures. In this study we built reticulated
mesh structures ranging in density from 1.20 to 6.67 g/cm?; includ-
ing a virtually solid component having a density of 8.02 g/cm? (in
contrast to fully dense Cu having an ideal density of 8.9 g/cm?).
Stochastic foams modeled from Fig. 2(b) ranged in density from
0.73 to 1.70 g/cm?.

The elastic moduli (E) (or Young's moduli), also referred to
as a stiffness-related number, for the fabricated open-cellular
structures were measured using a resonant frequency analyzer
RFDAHTVP1750-C. This system measures the resonant frequency in
the specimen arising from a mechanically induced vibration where
the stiffness (E) is given generally by

E = mf? (2)

where £ is a geometrical, specimen shape factor (generally con-
stant for these measurements), m is the sample mass and f; is the
measured, resonant frequency. [deally, this non-destructive testing
measures the dynamic stiffness in contrast to the static stiffness for
more conventional, destructive, tensile or compression testing. The
sample design for open cellular structures fabricated in this study
(Fig. 2) followed the general metal foam requirements described

100

by Ashby et al. [2]: height/width >1.5, height >7 times the cell size,
pore size, or open channel size. Specimen sizes were either fabri-
cated to 2.3 cm x 2.3 cm x 3.6 cm, or carefully machined to size for
oversize specimens.

Following stiffness measurements, selective or representative
fabricated test structures were sliced into sections which were
mounted, polished, and etched for optical metallographic exam-
ination in a Reichart MF4 A/M metallography unit. The etchant
consisted of a solution composed of 100 mL water, 8 mL sulfuric
acid, 4mL saturated sodium chloride solution, and 2g potas-
sium perchlorate. The polished and etched specimens as well as
unmounted specimen sections were also examined in a Hitachi
S-8500 field-emission scanning electron microscope (SEM) oper-
ating at 20kV in the secondary electron emission mode. Vickers
microindentation hardness (HV) measurements were also made
on the mounted samples using a Shimadzu HMV-2000 diamond
indenter test station employing a 25¢g (0.245N) load applied for
~10s.

Finally, sections sliced from the most dense specimens
(8.02 g/cm?) using a thin-blade diamond saw were ground and pol-
ished to a thickness of ~200 pm, and 3 mm discs were punched
from these thin sections, mechanically dimpled on both sides, and
electropolished to electron transparency using a Tenupol-3, dual-
jet electropolishing unit. The electropolishing solution consisted
of 825 mL water, 375 mL ethanol, 300 mL phosphoric acid, 75 mL
propanol, and 2.5 g of urea. The electropolished discs were exam-
ined in a Hitachi H-9500 transmission electron microscopy (TEM)
operated at 300 kV, utilizing a goniometer-tilt stage and a CCD dig-
ital imaging camera.
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Fig. 3. Examples of open cellular Cu mesh and foam specimens fabricated from CAD models in Fig. 2 by EBM (Fig. 1). The corresponding densities, p, and pore densities
in pores/inch [ppi], are as follows: (1) 0.84g/cm?® [4 ppi]; (2) 0.73 g/cm? [6ppi]; (3) 1.20g/cm? [3 ppi]; (4) 1.28 g/cm? [3ppil: (5) 1.69 g/cm? [5 ppil; (6) 0.93 g/cm? [6 ppil.
Stochastic foams are shown in (1), (2), (4) and (6): reticulated mesh samples are shown in (3) and (5).

3. Results and discussion

Figs. 3-5 illustrate the range of open cellular mesh and foam
structures having a range of densities noted. These structures cor-
respond to four different articulated mesh arrays. The most dense
mesh array is illustrated in Fig. 5(c) along with a more dense
solid section having a density of 8.02 g/cm3. While these compo-
nents contained some porosity as a consequence of unconsolidated
or unmelted regions, the Cu,0 precipitates also contributed to a
reduced density. The approximate volume fraction of Cu,0 precip-
itates estimated from a comparison of X-ray diffractometer spectral
peaks was estimated to be ~2%. The corresponding foam arrays had
a range of densities from 0.73 to 1.70g/cm?. The anisotropic strut
structures for the reticulated mesh samples along with ligament
structures for the isotropic stochastic foam samples are shown for
comparison in Fig. 4, corresponding to reference planes of90° (sam-
ple face views) and 45° (sample edge or diagonal views).

Fig. 6 compares optical metallographic views of the mesh strut
and foam ligament microstructures, corresponding to the mesh and
foam samples illustrated in Fig. 5(a) and (b), respectively. Note the
Cuz0 microstructural arrays in the horizontal plane views having
an average spacing of 2 pm perpendicular to the build direction in
contrast to the same CuO precipitate microstructures in the build
direction indicated by the arrow in Fig. 6. These Cu,0 precipitate
arrays in a horizontal plane perpendicular to the build direction are
also observed in the solid (8.02 g/cm?) sample shown in Fig. 5(d)
from which TEM sections could be extracted and electron transpar-
ent discs prepared. Ramirez, et al. [10] have discussed the details
of the precipitation features of EBM fabrication of Cu components
in prior work.
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Fig. 7 shows a bright-field TEM image for precipitate arrays
which consist of Cuz0O precipitates and connecting dislocations
which form a unique dislocation cell-like microstructure spaced
~2 um. The optical metallographic image insert in Fig. 7 corre-
sponds to the horizontal plane arrays shown in Fig. 6 for the
associated mesh and foam open cellular structures. The centers
of these cell-like arrays (shown in Fig. 7) exhibit a homogeneous
distribution of vacancies created by the thermal quench (or rapid
cooling) associated with the build process.

The initial powder microindentation hardness was measured
by placing the powder in a mounting material and grinding, pol-
ishing, and etching powder cross-sections. The average hardness
was measured as HV 72 (0.72 GPa). Correspondingly, the residual
microindentation hardness for the solid (8.02 g/cm?) specimen in a
horizontal plane perpendicular to the build direction was HV 85
(0.85GPa), an 18% increase. The mesh strut and foam ligament
hardnesses (Fig. 6) were measured to average HV 161 (1.61GPa)
and HV 70 (0.70 GPa) for all orientations for each, respectively. The
microindentation hardness for annealed Cu nominally ranges from
HV 55 to HV 60, while heavily deformed Cu can have a microinden-
tation hardness of ~HV 115 (1.15GPa) [11]. Considering that yield
stress is estimated as ~HV/3, the creation of a Cu,0 microstructure
in EBM-fabricated Cu mesh and foam components contributes to
improved strength, both in tension and compression for the open
cellular structures.

Fig. 8(a) compares the measured stiffnesses or Young's moduli
(E) versus their corresponding densities for the reticulated mesh
and stochastic foam samples (Figs. 3-5). Similarly, Fig. 8(b) com-
pares the relative stiffnesses (E/E,) versus the relative densities
(plpo) for the Cu samples (mesh and foam) with copper foams
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Fig.4. Comparison of non-isotropic geometry for reticulated mesh (a) and isotropic
stochastic, open cellular foam samples (b): at 90¢ (normal face view) and 45° (along
sample diagonal), all fabricated by EBM. Corresponding densities are 1.2 g/cm? (a)
and 1.28g/cm? (b).

prepared by a lost carbonate sintering (LCS) process in powder
metallurgy [8], and measured values for Ti-6Al-4V mesh and foam
samples fabricated by EBM as illustrated in this study, using the
same build elements [1,9]. The extrapolated intercept for E to a den-
sity (o) of 8.9 g/cm? for the open cellular Cu samples in Fig. 8(a)
corresponds to E, = 110 GPa. The corresponding values forE; and pg
for the Ti-B6Al-4V were 110 GPa and 4.43 g/cm?, respectively [1,9].
The slopes for these comparative mesh and foam plots (Fig. 8(b))
are illustrated in contrast to the idealized slope for stochastic, open
cellular foams in Eq. (1), where n=2. The Cu slopes correspond to
n=2 for the reticulated mesh samples and n= 2.4 for the stochastic
foams, respectively. However, the LCS Cu foam data correspond to
aslope of ~1.2, well below the range for the open-cellular Cu struc-
tures fabricated by EBM in this work and the lower range of slopes
(~1.8) for many other more conventional foams [2,6]. The fitted
line for both the Ti-6Al-4V mesh and foam samples corresponds
to a slope of n=2.2. The Ti-6Al-4V data plotted in Fig. 8(b) from
Murr et al. [1,9] was also supplemented by data for an additional
mesh and foam sample (p=0.67 and 1.56 g/cm?, respectively) in
this work to serve as a calibration (reference) for the Cu stiffness
measurements. Note that the slope lines for the different open cel-
lular materials in Fig. 8(b) are offset. This results from different
structure-property relationships [2,6], and is especially notable for
the comparative EBM and LCS-fabricated Cu samples in Fig. 8(b).
Figs. 3 and 8(a) illustrate the ability to fabricate Cu open cellu-
lar structures with densities as low as 0.73 g/cm?, and prospects
for much lower densities are tractable. In addition, the AM pro-
cess using EBM allows for the fabrication of complex monolithic
products consisting of graded or integrated mesh and/or foam

d

Fig. 5. Comparative reticulated mesh samples (a) and (c), stochastic, open cellu-
lar foam (b), and “solid” build (d). Corresponding densities are: (a) 2.18 g/fcm?; (b)
1.70g/cm?; (¢) 6.67 gfem?; (d) 8.02 g/cm?. All sample examples shown were fabri-
cated by EBM.

components joined to various solid structures (e.g. face-sheets).
These produce multi-functional micro-truss/ligament sandwich or
related multi-functional micro-truss/ligament sandwich or related
multi-component assemblies, especially complex heat exchange
devices and related thermally engineered materials structures.
For mesh or foam structures, conductive pathways through the
strut or ligament architectures (including of course the strut or
ligament cross-section geometries and dimensions) also deter-
mine their buckling or collapse under stress. Ashby et al. [2] have
demonstrated a simple functional relationship between the ther-
mal conductivity and the relative density of a metal foam in the
form:

Ks(%)w <K ¢KS(£)1'65 (3)

where K; and K are the solid (fully dense) material thermal con-
ductivity and foam conductivity, and p/pg is the relative density
illustrated in Fig. 8. In addition, heat transfer by metal foams
due to thermal dispersion effects is proportional to the cell size
[12]. The thermal conductivity is also proportional to the electrical
conductivity, and scales linearly with absolute temperature [13].
Consequently, open cellular structures of Cu have one of the high-
est conductivities: both thermal and electrical, and are specially
suited for electronic thermal management systems.

Fig. 9(a) and (b) illustrates the Cu open cellular strut and liga-
ment microstructures which show considerable micro-roughness
as a consequence of unmelted and sintered surface particles. The
inserts in Fig. 9(a) and (b) illustrate typical mesh strut and foam
ligament cross-sections, respectively. Heat transfer media perfor-
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"‘ e |/

Fig. 6. Horizontal and vertical plane constructions typical of reticulated mesh strut
microstructure (a) and stochastic foam ligament microstructure. The build direction
is shown by the arrow (left).

mance ( heat transfer rate) relating to a pressure drop in these open
cellular structures will be highly dependent upon the pore size and
the strutor ligamentsurface roughness. However, the surface struc-
ture illustrated in Fig. 9(a) and (b) will also increase the surface
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Fig. 7. TEM bright-field image for horizontal plane microstructural arrays observed
in the “solid” sample in Fig. 5(d) (8.02 gfcm?) showing Cu,0 precipitate and dislo-
cation cell-like microstructures. The insert shows a corresponding horizontal plane
view of these microstructural arrays observed by optical metallography. Vacancies

or vacancy dislocation loops are noted by arrows (V), while dislocations intermixed
with the Cuz0 precipitates are noted by arrows labeled (D).

area and thereby improve heat transfer. In practice, these issues
may also be influenced by cell crushing due to strut or ligament
collapse which can be catastrophic for brittle materials. Fig. 9(c)
and (d) illustrate a relatively classical ductile behavior for these Cu
mesh and foam structures under impact - shear type failure; using
a modified Charpy test system. While ductile dimple fracture fea-
tures dominate, these are regions of simple separation of unmelted,
unsintered, or poorly sintered particles. It can also be noted that the
ductile dimple/shear dimple spacing averaged ~2 j.m, consistent
with the Cu,0/dislocation array spacing shown in Figs. 5-7.
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Fig. 8. Stiffness (F) versus density (o) for Cu(a), and relative stiffness (E/E, ) versus relative density ( /g, ) for Cu and Ti-6Al-4V (b). A portion of Ti-6Al-4V data in (b) is from

Murr et al. [1]. The solid diamond represents the solid sample shown in Fig. 5(d).
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Fig. 9. SEM image comparison for a reticulated mesh strut microstructure (a) and stochastic open cellular foam ligament microstructure (b). Inserts in (a) and (b) show
strut and ligament cross-sections viewed by optical metallography. (c) and (d) show impact-shear fractography views for mesh strut and foam ligament fracture surfaces,

respectively.

4. Conclusions and summary

In this study we have fabricated open cellular structures —
reticulated meshes and stochastic foams by AM using EBM from
precursor Cu powder - containing Cu,O precipitates. These pre-
cipitates and additional precipitates created in the EBM melt scan
formed microstructural arrays which contributed to hardening
contributing to the strength of mesh struts and foam ligaments.
The stiffness or Young's moduli for these Cu open cellular struc-
tures vary with density, and relative stiffness versus relative density
plots for Cu compared very closely with EBM fabricated Ti-6Al-4V
open cellular structures — both mesh and foams. The Cu reticulated
mesh structures exhibited a slope of n=2 in contrast to a slope
of n=2.4 for the stochastic Cu foams, consistent with the ideal,
open cellular foam slope of n=2 for the Gibson-Ashby foam model
[6].
The ability of AM-EBM to fabricate complex monolithic struc-
tures and devices composed of various open cellular structures
and sandwich or other conformal compartmentalization suggests a
wide range of thermal management or heat exchange applications.
This is a consequence of the superior thermal and electrical con-
ductivity of Cu and its considerably higher operating temperature
in contrast to Al or Al alloys.
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