ABSTRACT
LEDFORD, JOHN CHRISTOPHERDevelopment of Processing Techniques for the Fabrication
of Pure Copper Components Utilizing BEBBF. (Under the direction of Dilimothy Horn and
Dr. Russell King.

Additive manufacturing of pure copper has gained traction recently with the possibility of
utilizing the numerous benefits including geometrical complexity. However, issues with high
oxygen content and rough surfackeserits application to the producticof specialized
components such as radio frequency devices. Stringent material properties are required for these
devices to operate at peak performance under high power. In this work, we developed
techniques to produce pure copper with a low oxygereobtiat would start to meet the
requirements of these demanding applications. Finer powder size distributions were utilized to
reducethe surface roughness tdbricatedcomponents This resulted in roughly a 75% decrease
in the as fabricated surfaceughness with any post processing. A hydrogen heat treatment was
implemented on the precursor copper powder to remove increased oxygen content which would
allow for the fabrication of pure copper components. An oxygen content reduction of almost
90% was ahieved in the final fabricated parts with only 50 ppmafbxygen remaining
Initial studies of implementing a similar hydrogen heat treatment on a layer by layer basis during
fabrication is also presented. Lastly, the use of electron emissionssitur monitoring during

the EBPBF fabrication process is investigated to aid in the production of high quality, low

quantity components.
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CHAPTER 1: Introduction

Additive manufacturing of copper and copjersed alloys offers unique opportunities
for applications such as heatchangers and radio frequency (RF) devices where more complex
geometries give way to better performance and longer lifetimes. These applications require
excellent electrical and thermal conductivities while maintaining its structural integrity at
elevate temperatures.

Research into the additive manufacturing of copper and copper alloys has predominantly
been focused to the powder bed fusion systems, electron b&dj fijd laser [9][23], but has
also seen use in direct energy deposition (DED), uliag@4], [25], direct write [26], [27], and
binder jetting [28], [29]. Electron beam melting (EBM) has been utiizegveral instances in
the literature to produce copper components to leverage the advantages of the EBM system over
that of commercidaser powder bed fusion {EBF) systems [1]8]. These advantages include
high absorptivity of the electron beam, high vacuum processing environment, elevated build
temperatures, and high beam speed$®BE of pure copper is a relatively tricky procdse to
the low absorptivity of the powder at wavelengths (~1064 nm) typically found in commercial L
PBF systems.

Oxygen free electrical (OFE) or C10100 copper is of particular interest due to is
widespread use in VED. OFE copper has strict purity reqénts to ensure high electrical
conductivity including an oxygen content of no more than 5 parts per nj@jn Increased
oxygen content can also lead to issues with brazing procedures, specifically hydrogen brazing,
where the hydrogen reacts with tweygen and creates pores or blistering known as hydrogen

embrittlemen{31]-[33] This type of defect can lead to structural integrity issues.



A subset of those RF devices are called vacuum electronic devices (VED) which include
such things as travelingave tubes and klystrons. These devices use an electron gun and
geometrically complex structures in an ultrahigh vacuum environment to produce
electromagnetic radiation. Applications for such devices include RADAR and defense,
communications, plasma geagon, and particle accelerators. These applications have stringent
requirements in terms of geometrical accuracy, material purity, and surface finish. Typically,
these devices are made from numerous individual machined componeris(~Q@06 s ) whi c h
then welded or brazed to create a complex structure. With every individual component and
braze/weld step, comes the possibility of a failure which could leave the entire assembly as scrap
or needing rework which can significantly increase costs. The appaddlitively
manufacturing these devices is the possibility of reducing or eliminating the need for the
production of multiple components and brazing/welding steps. It also brings the ability for more
intricate and complex design structures which céedd to increased part performance and/or
lifetime.

In this thesis, we start to look at overcoming some of the current drawbacks to additively
manufacturing copper based RF devices such as surface roughness and material purity. Chapter
two explores the @sof pure copper powder with a finer powder size distribution to reduce the as
fabricated surface roughness in the electron beam powder bed fusion process. Chapter three
explores a hydrogen heat treatment process of the precursor copper powder wieckléslito
remove excess oxygen from the materile also start to look at the ability to use electron
emissions from the E®BF process as a possible part qualification method due to the low
volume of parts actually produce@hapter fouexplores the se of inrsitu electron emissions

during the melting process to characterize the melt surface of the samples. Total electron



emissions with respect to the beam position were correlated to metallography and micro
computed tomography (LCT) to look for defeethich may be visible on a layer by layer basis.
Chapter fiveexplores the prospect of ansitu hydrogen treatment of the precursor copper
powder on a layer by layer basis which would allow the use for higher oxygen content powder
while still fabricatirg low oxygen content parts. High temperatureai( diffraction was

performed in a hydrogen argon atmosphere to determine how quicklyculd be reduced at

elevated temperatures similar to that of the BEHE- process.
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CHAPTER 2: Surface Roughness Reduction using Electron Beam Melting Additive

Manufacturing of Pure Copper Powder

2.1Introduction

Additive manufacturing is a layer by layer process which alli@alvscation ofelaborate
structures that would otherwise be unachievable via traditional manufacturing processes. It
opens the possibilitior unique processing routes of conventional and new material systems to
fully realize their potential in various applications. Additive manufacturing does however have
its own set of drawbacks, one of particular interest is the surface roughnedalmicsed parts
[1]. Due to the layer by layer nature of the process, the layer thickness plays a crucial role in the
surface roughness of-éabricated parts in a powder bed systdm[[2]. Strano et al[3] found
that layer thickness can be directly correlated to tHalascated surface roughness of inclined
surfaces in a laser powder bed system. Algardh pt]albserved that by reducing the layer
thickness by 50% using the same powder size disinib(@PSD), the surface roughness could be
improved by 33% in FbAl-4V fabrication using electron begmwder bed fusio(EB-PBF).
Minimum layer thickness does however depend on the PSD being utilized for fabrication as the
minimum layer thickness must béleast as large éise smallestliameter of the PSD. By
reducing the PSD utilized for fabrication, smaller layer thicknesses can be used to help improve
surface roughness.

In this chapter we study the effect of two powder size distributions on tiaeeu
roughness of afabricated samples of pure copper processdéBiPBF. Powder samples were
characterized for differences i n chemistry, d
Fabricatedsamples were characterized for differences in chemainsity, microstructure, and

surface roughness between the PSDO6s.



2.2 Methodology

2.2.1Powder Characteristics

Two distributions of nitrogen atomized copper powder were used in this study. These
distributions consisted of a coarse (&FHum) and midraction (5315 um) powder size
di stribution. PSD6s were characterized using
size analyzer. Morphology of the particles was observed using scanning electron micrographs
from a JEOL JSMB010A scanning ele@n microscope (SEM). Representative micrographs
were taken from each PSD at 150x magnification at 20 kilovolts.

A powder thief was used to take samples of each powder distribution to ensure a
representative sample of the batch was used for powder chiznatcia. Samples were taken in
an inert argon atmosphere glovebox to ensure no atmospheric contamination of the powder
surface. All powder samples were kept in argon filled sample containers to prevent any
atmospheric contamination during charactergrati Oxygen and hydrogen content of the powder
was measured using inert gas fusion analysis (LECO OHNB86n 203821-455). Powder
sample weight was roughly 1 gram per measurement. Powder density was characterized by
nitrogen pycnometry using a miekditrapyc 1200e with a nealutriating measurement cell.

This cell allows for the measurement of fine powders without disturbing the sample.

2.2.2SampleFabrication

Samples were fabricated using a modifigtPBF Arcam S12 which utilizes a miniature
build tank. Sample geometry consisted of cubes with side length and height of 15 mm. Each
sample was located at the center of the oxygen free electrical copper build plate which is 90 mm

in diameter. Samples werébricatedwithout the use of the controlle@cuumsystem which



typically introduces small amounts of a preferred gas species. This was goaectat any
furtherpossibility ofoxidationto the powder feedstock.

Layer thickness used for each powdeesistribution was chosen depending on the
smaller diameter of particles present in the distribution. For the coarse affidetich
distributions, a 50 um and 20 um layer thickness, respectively, were chosen using the PSD
obtained from laser diffraction

Processing steps associated vidBPBFfabrication include heating the build plate,
spreading a layer of powder, preheating the powder bed, and finally melting of the two
dimensional slice of the three dimensional CAD model. Build plate heating esadhiy
rastering the defocused electron beam at high current and speed across the top surface of the
plate to reach an elevated temperature. Once the build plate reaches the desired temperature then
a thin layer of powder is spread across the surfatieegblate. Preheating of the powder layer is
achieved by rastering the defocused electron beam across the layer to achieve a light sinter
between the particles. TlE#B-PBFscan strategy utilized a hatch melting step. During the hatch
step, the electrobeam is rastered in a snakee pattern to melt the defined part area where the
weld pools are offset from each other by a given line offset to achieve optimal overlap. After the
entire part geometry for that layer is melted then the plate is lowgrint bayer thickness and
the process is repeated until the desired three dimensional part geometry is achieved.

Once the samples were removed from the build chamber, any sintered powder left on the
samples were removed using a soft bristled brush in aoddo disturb the surface roughness of
the solid sample. All four side surfaces of each sample were removed at roughly 1 mm thick
using a slow speed diamond saw. The remaining solid samples were sectioned along the build

direction using a slow speedadiond saw and polished from 320 grit SiC grinding paper3to 0.
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pm alumina on micro cloth. Scanning electron micrographs of the polished samples were
analyzed for porosity. Solid samples were etched for grain contrast using a solution of iron (I1I)
nitrate, ethanol, and water on a neoprene polishing pad. Etched microstructures were analyzed
using optical microscopy (Hirox Digital Microscope KFH00). Hydrogen and oxygen content
of the fabricated solids along with density were analyzed following the geonedure as the
powder specimens.

Surface roughness measurements were taken using confocal laser scanning microscopy
(Keyence VKx1100) with a 404 nm violet laser source to profile the topology of the sample
surfaces. Height maps were taken at 10X magatifin. Several surface roughness metrics

were calculated using MultiFileAnalyzer software package from Keyence.

2.3Results
2.3.1Powder
—— 15-53 um
40 —— 53-106 um
354
304 \
T 25 Percentile Coarse Mid-fraction
s ] D10 62.2 um 18.8 um
* D50 78.7 pm 33.9 pm
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Figure 1: Volumetric particle size distribution of coarse and+&ttion copper powders

Figure 1 shows theolumetric PSD for both coarse and rfiieiction copper powders as
determined by laser diffraction analysis along with th& 50", and 98 percentiles. Figure 1
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shows an overlap of the PSDs but the D10 to D90 percentiles shows that a majority of the

powder sizes fall into two separate distributions.

SEl 20xV  WD10m
NCSU MSE JEOL JSM-E010LA

SEI 20kV WD10mmESE0
NCSU MSE JEOL JSM-8010LA

Figure 2: Representative scanning electron micrographs of the coarse (left) afidctimh
(right) copper powders

Figure 2 shows scanning electron micrographs of both the coarseidifiréiction copper
powders. A noticeable size difference can be seen between the coarse-fadtiaidpowders
where the large majority of particles have diameters around 75 and 30 pum, respectively. A large
majority of particles in the coarse fractiare observed to have satellite particles attached to the

surfaces whereas this is less common in thefraittion powder.

Table 1 Representative density, relative density, oxygen and hydrogen content for

coarse and miraction copper powders

Sample Density Relative Density Oxygen Content (PPM Hydrogen Content
(g/cm”3) (%) wt.) (PPM wt.)
Powder: Coarse 8.81 98.55 650 1
Powder: Mid- 8.87 99.22 745 1
fraction




True anl relative density determined by nitrogen pycnometry is shown in Table 1. As the
PSD reduces, the density of the particles increases mostly likely due to the reduction in trapped
gas porosity from the atomization process. The relative density of bottepoas compared to
OFE solid copper (8.94 g/Anstill shows porosity due to processing regardless of PSD. Table 1
also shows the oxygen content as determined by inert gas fusion analysis of the coarse and mid
fraction copper powders. High oxygen contenf or each of the PSDO6s <car
oxides due to sieving operations carried out in air which increases the thickness of the surface
oxide layer. Other contributions could come from oxygen impurities during the atomization
process whichra located along the grain boundaries as oxides. Thédraution PSD has a

higher oxygen content than the coarse PSD due to a greater surface area of the smaller particles.

2.3.2Solid
Figure 3 shows a representative photo of afabscated block atiched to an OFE copper

build plate. All excess powder was removed from the block prior to sectioning and polishing.

Figure 3: Representative image of the build
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Figure 4: Optical micrographs of solid XZ etched crastions fabricated usrcoarse (A) and

mid-fraction (B) copper powders

Figure 4A and 4B show etched optical micrographs of the XZ plane (build direction)
from the center of the coarse and ffraction solids. The micrographs show a columnar
microstructure orientated in theiltldirection. No significant difference is observed between

the coarse and mifilaction solids.

2

SElI 20kV WD11mmSS50 x500 50pm
NCSU MSE JEOL JSM-6010LA

SElI 20kV WD11mmSS50 x1,000 10pm —
NCSU MSE JEOL JSM-6010LA

Figure 5: Representative scanning electron micrographs of solid XZ-sexgsons fabricated

using coarse (A) and miflaction (B) coppepowders
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Scanning electron micrographs show no lesgale porosity from processed induced or
trapped gas during the atomization process. However, both the coarse drattiad solids

show microporosity on the order of a few microns.

Table 2 Representative density, relative density, oxygen and hydrogen content for coarse and

mid-fraction solids

Sample Density Relative Density Oxygen Content Hydrogen Content
(g/cm?) (%) (PPM wt.) (PPM wt.)
Solid: Coarse 8.87 99.22 630 1
Solid: Mid-fraction 8.91 99.66 750 1

Densities of the coarse and nfrdction solids show a slight increase over that of the
powder densities which is most likely due to the reductiamapped gas porosity during
melting. This can also be inferred from the absence of large scale pores in both solids as seen in
Figure 5. Relative densities for both solids exceed 99% of OFE solid copper (8.8% g/cm
showing that the PSD has little effeon the ability to achieve highly dense solids. No
significant change is seen in the oxygen and hydrogen content of the coarsdractiad
solids from the initial content of the powder as seen in Table 2. Little to no change is to be

expected as thmelting process is done under vacuum where further oxidation should not occur.
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Figure 6. Representative optical images offabricated XZ (side) surfaces of coarse (A) and
mid-fraction (B) solids
Representative optical images of theasricatal XZ (side) surfaces of the coarse and
mid-fraction solids are shown in Figure 6. A large number of particles sintered to the surface are
visible on the coarse solid giving rise to an uneven and bumpy surface. Whereas the mid
fraction solid does not appeto have these sintered particles on the surface allowing for a
smoother surface. Differences in color can be attributed to varying states of oxidation between

the samples due to differences in elapsed time from fabrication to image acquisition.

(&% \ v 4 J
SElI 20kV WD17mmSS55 5 O —, =1 20k\ ri] 55 500um
NCSU MSE JEOL JSM-6010LA . J (

Figure 7: Representative scanning electron micrographs-tdlascated XZ (side) surfaces of

coarse (A) and midraction (B) solids
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Figure 7 shows scanning electron micrographs of tHalagated XZ (side) surfaces of
the coarse and mifilaction sdids. An irregular layefike structure can be observed in the
coarse solid micrograph along with a large amount of sintered powder adhered to the surface.
However, he midfraction solid does not seem to have any noticeable layering in comparison.
Sintered powder is also observed to be adhered to the surface of thragtiah solid with the

particles having a smaller size distribution than that of the coarse solid.

337.245 pm

-337.245 pm

337.245 pm

-337.245 pm

Figure 8. Representative height maps representing surface heighfalfrasatel XZ (side)

surfaces of coarse (A) and rdfichction (B) solids
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Confocal laser scanning microscopy was used to profile the height of the surface of each
of the solids at a magnification 10x. Representative height maps collected using the laser
profiling cgpability of the microscope of the coarse and4fna&ttion solids are shown in Figure
8. Both height maps are scaled to use the same range as seen by the scale bar on the right of
each image in order to allow for easy comparison in height values. Af@eehRigure 8A, the
coarse solid has large variations in height as indicated by values ranging across the entire scale of
the height map. Whereas the Hfidction solid has a much smaller range of height values

centered on the middle of the scale baregsn low variation of color across the map.

Table 3. Surface roughness parameters efadsicated XZ (side) surfaces of coarse and-mid
fraction solids

Surface Roughness Parameter Powder Size Distribution Value (um) Standard Deviation (um)
Sa

Coarse 82.25 11.63
(Arithmetical Mean Height)

Mid-fraction 18.96 0.57

Sq Coarse 1045 1148
(Root Mean Square Height)
Mid-fraction 2433 0.84

Surface roughness parameters were calculated from the height maps shown in Figure 8
and are listed in Table 3 along with standard deviation for each parai8at@rithmetical
mean heightand Sq (arithmetical mean heightgre chosen as they haveen shown to be
suitable metrics for surface roughness of electron beam melted The value for each roughness
parameter was computed using an average of 9 overlapping squares each measuring 2.0 mm x
2.0 mm placed in a 3 x 3 grid on the height map. Botar8laSq show a substantial difference

in the surface roughness between the coarse antfawitbn solids. Even though the standard
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deviation for the coarse solid surface roughness parameters is large, the reduction in surface

roughness from the coarsend-fraction solid can be seen in the bar plot in Figure 9.

Surface Roughness Parameters
140
B Coarse W Mid-Fraction

120

100

80
60
40
” H
| [
Sa Sq

Figure 9: Bar plot of surface roughness parameters for coarse anftaniohn XZ (side)

Height (jum)

surfaces

2.4 Discussion

The reducedPSD allowed for the use of a smaller layer thickness duringcédlom. A
50 um layer thickness for the coarse powder is the smallest practical thickness that can be used
with this distribution due to the D10 value being 62.2 um as seen in Figure 1. Any layer
thickness smaller than 50 um would result in most optheder being too large and be swept
away during raking.The midfraction powder having a D10 of 18.8 um allowed for the use of a

20 um layer thickness which significantly improved the surface roughness of the fabricated
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samples. Typically issues fakaing samples with a finer PSD lEB-PBF arise due to the

inability for the powder to dissipate the charge imparted by the electron beam during the
preheating stage. This is due to the increased volume fraction of the surface oxide with respect
to the paticle volume p]. The high electrical conductivity of pure copper helps to enable the

use of finer distributions of powder duri&dB-PBF processing§).

An additional benefit to using a smaller layer thickness is the reduction in energy needed
for melting which gives way to smaller thermal gradients between the solid samples and powder
bed. This is evident in Figure 7 by the reduction in amount of sintered powder adhered to the
surface of the sample. This sintered powder can have a large effeafae roughness
depending on how heavily sintered the powder is to the surface of the sample and the powder

removal method being used to clean the parts.

2.5Conclusions

By utilizing a finerpowder size distributigrthisallowed for a reduction in ghlayer
thicknesswhich resulted ithe significant reduction irsurface roughness of pure copper
processed via EPBF. This surface roughness reduction waildl in the fabrication of these
high-power RF devices where a high surface roughness can caoseal breakdown. By
achieving this finer surface roughness directly from the fabrication process, the overall purity of
the device material can be maintained and avoid possible contamination from post processing

techniques.
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CHAPTER 3: Characteristics and Processing of HydrogefTreated Copper Powders for
EB-PBF Additive Manufacturing
Christopher Ledford, Christopher Rock, Paul Carrieré, Pedro Frigol&, Diana Gamzind
and Timothy Horrf
1) Center for Additive Manufacturing and Logistics, Edward P. Fitts Department of Industrial
and Systemg&ngineering, North Carolina State University, Raleigh, NC 276S8A,;
2) RadiaBeam, Santa Monica, CA 90404, USA;
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North Carolina State Universitiraleigh, NC 27695, USA

Abstract: The fabrication of high purity copper using additive manufacturing has proven difficult
because of oxidation of the powder feedstockrelHave present work on the hydrogen heat
treatment of copper powders for electron beam powder bed fusiecRBER in order to enable

the fabrication of high purity copper components for applications such as accelerator components
and vacuum electronic dees. Copper powder with varying initial oxygen contents were
hydrogen heatreated and characterized for their chemistry, morphology, and microstructure.
Higher initial oxygen content powders were found to not only reduce surface oxides, but also
reduce aides along the grain boundaries and form trappgd tapor inside the particles. The
trapped HO vapor was verified by thermogravimetric analysis (TGA) and residual gas analysis
(RGA) while melting. The mechanism of the@vapor escaping the particlessadetermined by

in-situ SEM heated stage experiments, where the particles were observed to crack along the grain
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boundaries. To determine the effect of the-BIBF processing on the.8 vapor, the thermal
simulation and the validation of single melt tradkithh wafers were conducted along with melting
single layer discs for chemistry analysis. A high speed video of tHeEFBmelting was performed

in order to determine the effect of the trappe®HMapor on the melt pool. Finally, solid samples
were fabricaed from hydrogeftreated copper powder, where the final oxygen content measured
~50 wt. ppm, with a minimal residue hydrogen content, indicating the complete removal of trapped

H20 vapor from the solid parts.

3.1. Introduction

Applications including particle accelerators and vacuum electronic devices (VEDS) require
materials with the highest electrical and thermal conductivity, as well ashidtravacuum
compatibility. The copper used in these applications approaches thetit@omaximum
achievable quality in terms of the purity, density, and metallurgical properties, such as
crystallographic texture and grain size. These applications also require intricate designs and
extensive metallurgical processing routes, followedHsydssembly and brazing or welding of
multiple components into a final part. The consolidation of the component assemblies into
complex monolithic parts, and the potential for novel designs achievable through additive
manufacturing (AM), is desired in ondd¢o reduce the cost and improve the component
performance and reliability [5]. The underlying challenges associated with the AM of -high
purity copper, particularly for electron beam powder bed fusior®BB) and laser powder bed
fusion (L-PBF), have ben discussed in several recent studiesiil§ The high thermal
conductivity of copper rapidly removes heat from the melt pool, promoting high local and global
thermal gradients; residual stress accumulation; and distortion, which is exacerbated by the

significant difference in thermal conductivity between the consolidated material and the
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surrounding powder bed [1L24]. The resulting rapid solidification of the melt pool, coupled with
the low viscosity of molten copper, also tends to retain defectsasi&leyhole porosity [15].
Additionally, the low absorptivity of copper for the lasers used in many commerd&H.
systems (~1060 nm wavelength) necessitates the use epdngir lasers increasing the recoll
pressure, vaporization, spatter, and relatefats [16]. However, even with these challenges,
several promising results have been reported with densities ranging above 99.95%- for non
electronic grade copper [19] for EB-PBF, and 96.6% for Nd:YAG fiber laser AM processing
[17i 23].

Despite the pragss, achieving the high purity requirements for copper using AM has
remained a significant challenge. For accelerator applications, copper typically needs to meet or
exceed that of ASTM F68 for Class 1 oxygen free electronic (OFE) copper, which is Cob5is 6
gl or 101.0% of the minimum International Ann
The maximum oxygen content for OFE copper is 0.0005 wt% (5 wt. ppm). The negative influence
of oxygen contamination on the electrical, thermal, and mecharimaérties of copper is small,
but not insignificant. The incoherent & found along the grain boundaries has an effect similar
to porosity, and less of an influence on electron scattering than the solute contamination that strains
the copper lattice. Fanstance, electrolytic tough pitch (ETP) copper has an oxygen content of
~0.04% (400 ppm) and typically exceeds 1001 % IACS [24 26]. Much more significant is the
adverse effect of embrittlement in the copper components caused by an excessive oxggén cont
during the downstream hydrogen brazing processes [27]. It should be noted that the copper AM
literature has either resulted in specimens with a high oxygen content (similar to ETP Cu), or has
not reported an oxygen content in the fabricated samplehi€¥fconcern is the powder feedstock

purity. The powder feedstock commonly used in AM is subject to oxygen contamination during
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handling, screening, loading, and transport after atomization. At ambient conditions, the oxygen
solubility in pure copper iess than 2 wt. ppm [24,28khere the excess oxygen reacts to form
cuprous oxide, GO, as a noipassivating surface film or along the grain boundaries. At higher
temperatures (>300 °C), cupric oxide (CuO) and other variants may also form [29,30].

This pases a unique obstacle for the copper powder used in AM, which is typically produced
by nitrogen gas atomization, and quickly oxidizes if exposed to ambient conditions at any point in
the powder fabrication and handling process. Because of the very Higtesairea of these small
diameter particles, the relative contribution of oxygen from the surface oxide film typically causes
the feedstock to exceed 4@D0 wt. ppm oxygen. For example, in their study on thePBE
fabrication of copper, Raab et al. [Lpdes et al. [8], and Guschlbauer et al. [9] utilize copper
powder feedstocks with reported purities of 99.90 wt%, 99.94 wt%, and 99.95 wt%, respectively,
while Frigola et al. [1] and Ramirez et al. [10] used powders with 99.99 wt% and 99.80 wt% purity,
respectively. In our preliminary studies, a chemical analysis conducted directly after the powder
atomization process, and after the screening, indicates that much of the oxygen pickup in the
copper powder occurs during the handling, screening, and packpgiogsses, which are
typically carried out in ambient atmosphere.

Preserving even these oxygen contents during the AM melting and solidification process is
extremely challenging, and requires near perfect conditions, as imperfect inert or vacuum
atmosphegs, moisture absorption, complex thermal cycles, powder recycling, and storage
exacerbate oxygen pickup. Frigola et al. [1] showed a significant oxidation of feedstock powders
after several EB’BF reuse cycles. Once the oxygen contamination is presehe ipotvder

feedstock as oxide films or grain boundary particles, the contamination is directly transferred to
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the fabricated AM components [11]. This combination of factors hinders the fabrication of quality
copper components by most powder bed AM processes

Reduction processes may be employed in order to improve the copper feedstock purity for
AM processing. Hydrogen, carbon monoxide, and ethanol are commonly employed reducing
agents of C¢O and CuO in thin films [3133]. EFWardany et al. [6] treated copppowders for
L-PBF in a heated forming gas atmosphere (4% Hr bal.), theorizing that the hydrogen would
reduce the surface @ films into Cu + HO, however, no quantitative data on the composition
of the powders or solid samples produced wweogided [6]. In addition, this study only considered
the reduction of oxides from the surface of the Cu powders, and did not address the possibility that
hydrogen also reduces the internal oxides. Previous work has shown that the diffusivity of
hydrogen i copper is high at elevated temperatures (e.g., ~9.38at60 °C) [34], and that at
temperatures above about 400 °C, hydrogen reduces the grain boundary oxides, fe@rgag.H
The larger HO molecules do not diffuse, and the resulting pressure forgispressure steam
pores along the grain boundaries [28,35,36]. This -lwadwn embrittlement mechanism is
considered detrimental for most traditional copper powder processing routes because of their
significant impacts on downstream processing, suchwagling, porosity, and embrittlement,
through plastic deformation, work hardening, the reduction of grain boundary area, and material
failure at elevated temperatures [28,38), as Lin and Hwang demonstrated with the swelling and
cracking of copper powde during the sintering of copper heat pipes [36].

On the other hand, PBF processes utilize thin layers of powder, which are spread over a
substrate and selectively melted by a focused energy source. In the present work, we hypothesize
that this localizeghrocessing can be leveraged to liberate the retaip@drdm the hydrogen heat

treated copper powder during melting on a ldyetayer basis. This results in a significantly
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higher copper purity, without the detrimental effects of embrittlement obsénvedditional
powder metal processes.

Here, the mechanisms fop® removal from copper powders is identified through a series of
experiments, one building upon the next. First, copper powders of varying initial oxygen contents
were treated in a hydrogatmosphere at elevated temperatures. The temperature@atebpes
from these copper powders was determined using thermogravimetric analysis. The powder
cracking during HO released at these temperatures was observed directly using a scanning
electron nicroscope (SEM) equipped with a heated stage. We confirm the releas® o id
single layer melt in a custom EHBBF setup using residual gas analysis (RGA), and the subsequent
chemical analysis of the melted layers. The single melt pool wide thin wadlsts produced
with multiple layers of varying hatch spacings confirm th®elease from the copper powder in
the heated affected zone of the melt pool, and-Bged videos of these melt pools also show that
a proportion of this BHD escapes from theatten during melting. The efficacy of this approach is
validated with the fabrication of fully dense parts, and Maiter samples with a very low oxygen

content, with RGA monitoring of ¥ outgassing on a layer by layer basis.

3.2. Materials and Methods

The experiments were performed in order to understand the influence of a hydrogen heat
treatment on copper powder feedstocks of varying initial oxygen contents. We evaluated three
levels of oxygen content, with and without hydrogen heat treatment. Toatgrbese six
conditions, the following methodology was used.

Two separate batches of nitrogen gas atomized copper powder were acquired. For the purposes
of this discussion, the powders were categorized based on the initial measured oxygen content.

The lowvest oxygen content powder received was betweeini2D00wt. ppm oxygen, and is referred
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to as low oxygen copper (-Ou). The second powder batch with #4000 wt. ppm oxygen is
referred to as medium oxygen content powder {RiQ). A selected amount of theceaved MO
Cu powder was intentionally oxidized to above 1000 wt. ppm oxygen, and is referred as high

oxygen content copper (HOu).

3.2.1. Feedstock Preparation

Spherical MGCu powder was received with a nominal &8 um particle sizelistribution
(d1G'd90), smaller than what is typical for other materials used iFPBB (e.g., Ti6AI4V).
Nevertheless, it is consistent with previous studies in copper AM by our group [4], and compared
to early work by our group and others, also results significantly reduced surface roughness
[1]. In order to maintain a comparatively low oxygen content in theQuOpowder, special
consideration was given to the packaging, handling, and screening steps post atomization. This
powder was received intheat omi zed (1250 Om) condition, dir
screened to a nominal %3 pm particle size distribution within an argon glove box. To generate
the HOCu powder, a methodology similar to that of Nieh and Nix [28,30] was utilized. thopor
of MO-Cu was treated at 150 °C for 1 h in one atmosphere of air, and cooled at a rate of 5 °C per
minute. The temperature was kept lower in the current study, compared with the 800 °C used by
Nieh and Nix, to prevent the sintering of the small powslee distribution. Given that the
diffusion of oxygen in copper is & m%s at 400 °C [39], the oxygen penetration depth exceeded
the particle diameters used in this study during theératment, which is confirmed by subsequent
focused ion beam (FIB) sectioning of individual powder particles.

Portions of the powder from each tbe three batches, -Ou, MO-Cu, and HGCu, were
then exposed to hydrogen treatment at 400 °C for 4 h under one atmosphere of flowing pure

hydrogen, and cooled at a rate of 5 °C per minute in a dry hydrogen atmosphere heating cover
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retort furnace. A cusin stainlessteel fixture comprised of stacked circular trays allowed the
processing of 1 kg of powder per treatment cycle in 2 mm thick layers, as shown in Figure 1. To
avoid oxygen contamination after hydrogen treatment, the powders were packed m-gaealed

foil bags after purging with dry nitrogen. The vacuum bags were then sealed in a second bag filled
with dry nitrogen. All of the copper powders were subsequently stored, handled, and sampled in

an argon or nitrogen atmosphere.

Figure 1. Hydrogen brazing furnace at SLAC National Accelerator Laboratory
Technology Innovation Directorate (TID) (left), and stack&minless steel fixture (right)

for treating multiple trays of copper powder wmin thick layers.

3.2.2. Feedstock Charterization

Each of the three powder conditions were characterized before and after hydrogen treatment,
for size distribution by laser diffraction (Microtrac S3500, Microtrac Inc., Montgomeryville, PA,
USA), and density bynitrogen pycnometry (ASTM B923L6, Quantachrome MicroUltrapyc

1200e, Quantachrome Instruments, Boynton Beach, Florida, USA). The oxygen and hydrogen

29



content of all the powders were quantified by inert gas fusion analysis (LECO OHN836, LECO,
St. Joseph, MI, USA). The reported values hemggre acquired immediately prior to the
experiments. The powder morphology was characterized by a JOEL 6010LA scanning electron
microscope (JEOL USA, Inc., Peabody, MA, USA). An additional powder characterization was
performed on individual powder partisleising focused ion beam (FIB) milling for the cross
sectional analysis by secondary electron and gallium ion contrast on a FEI Quanta 3D Field
Emission Gun (FEG) (Thermo Fisher Scientific, Hillsboro, Oregon, USA). Scanning transmission
electron microscopySTEM) analysis and energy dispersive spectroscopy (EDS) were performed
on a FEI Talos (Thermo Fisher Scientific, Hillsboro, Oregon, USA), to assess the chemical
composition, size of surface, and internal oxide species.

A thermogravimetric analysis (TGAyas performed using a TA SDT 650 Simultaneous
Thermal Analyzer (TA Instruments, New Castle, DE, USA) under flowing nitrogen, while the
samples were heated at 5 °C/s to 600 °C in an alumina sample holder in order to identify the

temperature at which the-&l can escape from the treated copper powders.

3.2.3. InSitu Heated Stage

In-situ heated stage SEM degassing experiments were performed on a FEI Quanta 3D FEG so
as to observe the mechanism ofCHgas release from a single copper powder particle. Both
hydragen heat treated copper particles and untreated copper particles were separated from the
adjacent powder feedstock with a single fiber brush using a light microscope at 50x magnification.
Individual powder particles were then placed onto a SiC heated @agtechips Fusion) for
controlled heating under standard SEM operating conditions. The stage was ramped to a maximum
temperature of 400 °C at 100 °C/s, and image sequences were made at 30 fps with secondary

electron detectors.
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3.2.4. Customized Ef®BF Platform

All of the electron beam melting (EBM) experiments were conducted using a customized
Arcam A2 EBPBF system (Arcam Build Control Software V3.2, SP2, Arcam AB, Sweden).
While the EBPBF operation and process parameters have been described irsiatdieee [40],
it is important to highlight that in this work, the internal components of the commercial system
have been removed and replaced with a custom 304 stainless steel build tank, platform, and powder
feeder system. The customized chamber wagudediwith viewports that are oriented radially
about the vertical axis of the electron beam column at a 55° angle to the surface of the experimental
substrate/fixture, in order to view the entire build surface. The experiments were monitored with
by an emssivity corrected single color pyrometer (Fluke Process Endurance Pyrometer, Fluke,
Everett, WA, USA), a visible light camera (Nikon D7000, Nikon, Melville, NY, USA), a20Q
residual gas analyzer (Stanford Research Systems, Sunnyvale, CA, USA), ddhanmal
imaging camera (FLIR A655sc, FLIR, Wilsonville, OR, USA ). The viewport window materials
varied as a function of the transmittance requirements for each instrument. Figure 2 shows a

photograph of the customized setup.
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Figure 2. Photographs of the customized Arcam A2 electron beam melting system,
showing the interior of the vacuum chamber, mechanical components &t in
backscatter electron (BSE) detecid),(and the exterior of the vacuum chamber, showing
the electron beam komn and the location of instrumentation and viewpdjs The line

of sight of the visible light camera, pyrometer, and IR camera are illustrated by the dashed

lines in 2A, from viewports 1, 2, and 3, respectively.

3.2.5. Simulation and Validation of Vaable Spacing Single Melt Track Width Wafers

We hypothesized that during meltingz@®Hvapor escapes from both the liquid melt pool and
from powder in the heat affected zone. For the powder adjacent to the melt pool, the internal
pressure of the ¥D vapor overcomes the mechanical strength of the grain boundary, and the pore
begins to expand in size. This leads to the fracturing of the particle along the grain boundaries and
a release of KD vapor into the vacuum system. To explore this, single naek width scenarios
were simulated at various hatch spacings, utilizing the 3D transient heat transfer model developed
by Lee et al. [41] at the Oak Ridge National Laboratory. Calculations were made using FEnICS

software (2019.1.0, FEnICS), utilizing pytinecripts, and the thermal model output was analyzed
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using ParaView visualization software (v5.7, Kitware Inc., Clifton Park, NY, USA). The
simulation used variables including heat input, beam speed, thermal conductivity, and so on, to
model the EBPBF pra@ess and the temperature profile across a solid plate with the thermophysical
properties of a comparable copper powder bed during different operating conditions. The
simulation variables used in this study are listed in Appendix A.

Based on the model ressil single melt track width wafers 13 mm long and 10 mm tall were
fabricated using hydrogemneated HGCu powder with 2.0 mm on center spacings, as shown in
Figure 3. The build substrate was a machined OFE copper substrate that measured 90 mm in
diameter ad 30 mm in thickness. During the BEEBF processing, the build temperature was
maintained at 270 °C, measured by a thermocouple attached to the bottom of the plate, and the
partial pressures of 4 vapor and other gas species were monitored using@#e Each wafer
was melted with a line energy of 0.8 J/mm (600 mm/s, 8 mA, 0 mA focus offset) and layer
thickness of 40 um, with the power analyze function (Arcam specific thermal controls) disabled.

The beam scan direction was constéaft {o right) for each wafer and each layer.

beam scan

direction
2 mm spacing \

10 mm

~—— ;/me

13 mm

Figure 3. lllustration of the single melt track width geometry with 2.0 mm spacing.
Powder was harvested from between the wafers in a serial fashion, as a function of the
distance from the solid copper wall.
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Upon thebuild completion, each block of wafers was removed from the surrounding sintered
powder and build surface using a razor blade. The sintered powder cake between the solid wafers
was serially sectioned with a razor blade as a function of the distance &ometh pool, and
placed on carbon tape for the SEM analysis. Additionally, the top surface of the intact sintered
cake was analyzed on a JOEL 6010LA, in order to observe sintered powder characteristics at

specific distances from the melt track.

3.2.6. EBPBF Processing of HydrogeiTreated Copper Powder

To directly observe and quantify the® release during EBBF, single layer discs were
melted using the various hydrogreated and untreated powders. Figure 4 illustrates the
experiment. The fixture uponhich the experiments were carried out was an annealed OFE copper
cylinder, 100 mm in diameter and 50 mm thick. Six equally spaced cylindrical pockets, measuring
25 mm in diameter by 3 mm deep were milled into the surface at a radial distance of 30 mm from
the plate center, such that each pocket is effectively isolated from the others, as seen in Figure 4.
After the machining, the copper substrate was cleaned using a standahighltvacuum (UHV)

protocol for machined copper.
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Figure 4. lllustration of the irsitu HO vapor owgassing experiment. The electron beam
melting (EBM) vacuum chamber is outfitted with a residual gas analysis (RGA) and IR
camera, and the surface temperature is monitored by adwo pyrometer and
thermocoupleA&). The base fixture contains six 3 mm deep pockiswhich are filled

with hydrogenrtreated and untreated powders with varying initial oxygen content. A
single layer disc is melted on the top surface of each powder type. During meiihg, H
is releasedrom the powder or melt pool, and detected by the RGAWWpon completion,

the powder is manually removed from the solid disc of copper, which is analyzed for

oxygen and hydrogen content by inert gas fusion (

Each of the pockets in the substrate witlel and leveled to the top surface of the plate with
~5 grams of L@Cu, MO-Cu, or HOCu powder before or after hydrogen treatment, each having
a replicate. The oxygen and hydrogen content of the powder, as noted previously, was measured

by inert gas fusn prior to this experiment. A type K thermocouple was affixed to the bottom of
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the substrate, and the substrate was placed on top of the build piston, which allows for the thermal
isolation from the system.

The vacuum chamber was evacuated to a prees8ré5 x &° Torr, and the copper substrate

was heated by repeatedly scanning the defocused electron beam in a circular area, 25 mm in
diameter at the center of the substrate, with a beam current4fA&. The substrate temperature

was measured by tlieermocouple at the bottom, and a tealor pyrometer through a sapphire
window positioned in one of the upper viewports.

The substrate heating was manually modulated until both of the temperature readings agreed
within 5% of the target value (300 °C)ndathen this temperature was maintained for a 2 h
outgassing cycle. A 200 amu residual gas analyzer{S&8200) was used to measure the partial
pressure of the gas species of interest for this study (O, H, N, N@,ad® HO). During the
outgassing cycleghe background # partial pressure was observed to decrease and stabilize at ~8

x &7 Torr. This outgassing period at 300 °C also allowed sufficient time for the initial stages of

sintering to take place within the powder. This was observed with the IR camera by a uniform
emissivity shift across all six powder pockets.

The focused electrdmeam was then raster scanned over an area measuring 20 mm in diameter
on the surface of each one of the powder pockets. A line energy of 0.8 J/mm (600 mm/s, 8 mA, 0
mA focus offset, 100 um hatch offset) was sufficient to melt and consolidate a singleflaye
copper supported underneath by the sintered powder. The melting process was recorded by the
thermal imaging camera through a germanium port at 25 Hz, aneslty imonitoring of the back
scattered electron signal. A thermal video of the melting gsorseavailable in the supplemental
data. During the melting, the outgassing of the key gas species was monitored by the RGA at 1

Hz. This process was repeated on each powder pocket with approximately 10 min to pass between
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each raster melt in order to @\ for the RGA partial pressures and substrate temperature to
stabilize. The solids samples were then cooled under a vacuum to room temperature.

The material in each pocket was removed from the substrate and the sintered powder was
mechanically removed fro the solid wafer with a wire brush in an inert gas glove box. The oxygen
and hydrogen content of both the sintered powder and solid wafer from each pocket were measured
by inert gas fusion (LECO Form 2@21-455, LECO OHN836, LECO, St. Joseph, MI, USA).

The experiment was repeated several times, varying the position of each powder type and the order

in which powders were melted.

3.2.7. High Speed Footage of Melt Pool

In order to directly observe the>B vapor escaping from the melt pool, a Phots#aX2
high-speed camera was utilized to capture the footage at 30,000 frames per second, at a focal length
of 30 cm. The footage was captured for both a hydrdgeted LOCu and HGCu melt pool

using the same procedure for the-EBF processing as dedmed in Section 2.6.

3.2.8. Solid Sample Fabrication

To validate the process for fabricating the components of high purity copper with hydrogen
heattreated powlers, solid cylindrical specimens measuring 15 mm in diameter were fabricated
for the microstruatral and chemical analysis, using both untreated and hydtoegted MGCu
powder. The untreated powder had an oxygen content (~600 wt. ppm) similar to what was used in
the studies by Frigola et al. [1], Lodes et al. [8], and Guschlbauer et al. [9].rdbesging
parameters used were 600 mm/s, 8 mA, 18 mA focus offset, and 120 um hatch offset with a 40
um layer thickness. This falls within the processing space (~1663)/os@d by both Frigola et

al. [1] and Guschlbauer et al. [9]. The build temperatusis maintained at 300 + 10 °C for the
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duration of the fabrication. The gas species in the chamber were monitored during the fabrication

process using the RGA, as described earlier.

3.3. Results

3.3.1. Powder Characterization

Table 1.Chemical content of copper powders.

Powd Average Standard Average Standard
owder
D Condition O2 (wt. Deviation (wt. Ho (wt. Deviation (wt.
ppm) ppm) ppm) ppm)
LO-Cu Untreated 226.51 11.36 0.87 0.56
(15153 Hydrogen
54.76 8.34 1.56 0.97
um) Treated
MO-Cu Untreated 462.17 18.87 1.81 0.66
(15153 Hydrogen
282.33 3.79 31.83 2.02
um) Treated
HO-Cu Untreated 1507.33 12.70 1.95 0.99
(15153 Hydrogen
586.97 35.28 76.44 5.77
um) Treated

The oxygen and hydrogen content were carefully tracked after the atomization, screening, and

hydrogen treatment. Table 1 shows the oxygen and hydrogen content for the untreated and

hydrogen treated L@&u, MO-Cu, and HGCu screened powders. The i@y powderwas

procured asmtomized and was sieved-iiouse under argon in order to maintain a low oxygen

content of ~225 wt. ppm and ~1 wt. ppm hydrogen. After the hydrogen treatment of 46ia LO

powder, the oxygen content was reduced to ~50 wt. ppm, with minlraage in the hydrogen

content. The untreated MOu powder contained ~450 wt. ppm oxygen and ~2 wt. ppm hydrogen,

and after hydrogen treatment, the oxygen content was reduced to ~280 wt. ppm, but the hydrogen
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content increased to ~30 wt. ppm, indicating tine hydrogen was retained within the powder
after treatment, likely as trapped® which is consistent with the reported literature by Nieh and
Nix [28,30]. As a third condition, the HOu was intentionally oxidized in order to exaggerate the
effects ofoxygen, and produced an extreme condition with oxygen measured at ~1500 wt. ppm
and ~2 wt. ppm hydrogen. After the hydrogen treatment of th&€€Hd@owder, the oxygen content

was reduced to ~580 wt. ppm, but the hydrogen content increased to ~75 wtgppmmast

likely trapping HO inside the particles. No significant sintering is observed after the powders
undergo the hydrogen treatment. Figure 5 shows a plot of the atomic percent of oxygen versus the
atomic percent of hydrogen for all of the hydrogeatireated copper powders used in this study.
The 2:1 stoichiometric relationship is a key indicator that hydrogen is retained in the powder in
the form of HO vapor. It is also notable that the linear relationship is offset by ~0.06% at. %

oxygen, whiclcan be accounted for volumetrically on the surface of the powder particles.
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Figure 5. Plot showing at. % oxygen versus at. % hydrogen for all of the hydrogen heat

treated copper powders used in this study.
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Further evidence for the formation os®l vapor induced cavities in the powder is supported
by thenitrogenpycnometry results for each powder condition (shown in Figure 6). No significant
change in density is seen after the hydrogen treatment of tieuL@articles from the untreated
condition.Without internal, grain boundary @, the hydrogen does not react to fora©Hvapor.
However, both the M&@u and HOCu particles show a decrease in density after hydrogen
treatment, which is likely caused by the formation e®Hn the particles due tdé significant
difference in densities between® (1 g/cni) and copper (8.96 g/cin The decrease in density
among the as received powders can be attributed to the increasing contributio® efibuthe

increasing oxygen content, which hademsity of only ~6 g/cc.

9 E Untreated

O Hydrogen Treated
8.9
8.8
8.7

8.6

8.5

Powder Skeletal Density (g/cc)

8.4

8.3

100 400 1800
Approx. Initial Oxygen Content (ppm)
Figure 6. Plot showing the skeletal density of the untreated and hydrogetiréatsd

copper powders of varying initial oxygen content, as measuredirogenpycnometry.

Because of its relatively high oxygen content, the-RIDpowder was selected to observe the

effect of hydrogen heat treatment on the surface oxides. Figure 7 shows the representative low and
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high magnification scanning electron micrographs of (Figure 7A and Figure 7C) and the hydrogen
treated (Figure 7B and Rige 7D) MOCu powder. Figure 7C shows the surface of the untreated
MO-Cu powder, where bright spots were identified as oxyggncopper particles. Figure 7D
shows the surface at the same magnification after the hydrogen treatment of-the pévder,

where the surface oxides have been largely removed. These results were typical for untreated and

hydrogentreated MOCu and HGCu particles.
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Figure 7. Representative low and high magnification scanning electron micrographs of
untreated and hydrogdreatedMO-Cu powder. A) Low magnification and@) high
magnification of untreated hydrogémeated MOCu powder; B) Low magnification and

(D) high magnification of hydrogetneated MOCu powder.
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The representative particles were serial sectioned using a FéBdal the internal structure
of the untreated and hydrogaeated powder of each type using ion channel imaging, as shown
in Figure 8. Figure 8A is an ion image of a sectioned untreate@u@article showing no obvious
porosity or oxiderich particlesFigure 8B and Figure 8C are cresectioned MGCu and HGCu
particles, respectively, which have fine equiaxed microstructures and submicron -oxygen
particles along the grain boundaries. The distribution of oxide particles along the grain boundaries
vary by size, where larger oxides tend to be located at triple points, and smaller oxides along the
grain boundaries. Figure 8D shows a hydretyeated LOCu particle with minimal change after
hydrogen treatment because of its initially low oxygen confeéme. LO-Cu particles, produced
with a special handling consideration, consistently showed few to no internal oxides (within the
resolution of the instrument). A grain boundary is shown in Figure 8A and Figure 8D. However,
the lack of contrast between theotwgrains can be attributed to the similarity of the grain
orientations. Figure 8E shows a hydrogerated MQOCu particle with both a micron and
submicron scale porosity throughout the grain boundaries. The high oxygen content ofGhe HO
particle leadsd the formation of a significant interconnected porosity at the grain boundaries after
hydrogen heat treatment. Several large pores are evident after hydrogen treatment in Figure 8E
and Figure 8F for M&u and HQGCu, respectively; however, in both casesalf dark features
are evident along the grain boundaries. It was not immediately clear from this SEM analysis
whether these were residual, unreacted oxides or small water vapor induced pores. Videos of the
serial sectioning process using FIB are proviahetthe supplemental data for each of the cases in
Figure 8. The HAADF STEM imaging and EDS (Figure 9) of a grain boundary triple point of
hydrogen heatreated MGCu confirms the presence of the®Hvapor induced porosity, consistent

with the observationsf Nieh and Nix [28,30].
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Figure 8. Representative high magnification ion channeling contrast micrographs of
pretreated LGCu (A), MO-Cu B), HO-Cu (C), and post hydrogen treatmentiC (D),
MO-Cu (E), and HOCu (F) focused ion beam (FIB3ectioned Cu powder particles
showing the presence of grain boundary@in the untreated conditio®(C), which
reacts with hydrogen to form2B pores E,F). LO-Cu powder lacks significant grain
boundary oxides, and therefore does not exhibi Mapor nduced porosity. Note that

scale bars vary in the images.
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Figure 9. HAADF STEM micrograph and energy dispersive spectroscopy (EDS) of
hydrogentreated MOGCu powder grain boundary triple point showing submicron scale

H>0 vapor induced porosity.

Figure 10shows the results of the thermogravimetric analysis (TGA) of untreated and
hydrogentreated powders for the three initial oxygen contents. A TGA was carried out to ascertain
the temperature at which the internal pressure of tevapor pores exceeds tin boundary
strength of the copper powder particles. All of the untreated powders demonstrate no significant
change in weight loss after heating to 600 °C at 5 °C/s. However, both hydregtsd MGCu
and HOCu powders experience weight loss beginnaig375 °C, which then stabilizes at
approximately 525 °C. Hydrogdreated LOCu powder also shows minimal mass change while
heating when compared to the hydrogen treated®idind HOCu particles. The weight loss can
be correlated to the initial oxygeonrdent of the powder before hydrogen treatment, indicating an

increased presence 0f®l in the hydrogeitreated particles at higher oxygen contents.
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Figure 10. Thermogravimetric analysis of untreated and hydregested LOCu, MO-

Cu, and HGCu powder under flowing nitrogen.

To directly observe the mechanism for theOHrelease during the heating of the treated
powders, treated and untreated particles were heated to 400 °C, and then to melting at 1200 °C,
using an irsitu SEM heating stage (Pratops Fusion). It is important to note that the reported
temperature is that of the surface of the heating elements, not necessarily the equilibrium
temperature of the particles. The temperature of the stage is calibrated with a pyrometer and
correlated tdahe input current. Here, it is assumed that the mass of the particle is small compared
with the input power, and that the equilibrium temperature is reached quickly. This assumption is
corroborated by the data acquired from multiple sources in this Si@#, in-situ EB-PBF, etc.).

A temperature of 400 °C was chosen for imaging, based on the onset temperature of weight loss

observed by TGA. Figure 11A shows a typical hydretyeated HGCu particle at room
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temperature. Additional treated and untreatedigles are included as supplemental video files.
This particle was placed on the SiC chip in the SEM, and heatsituito 400 °C at 100 °C/s.
Figure 11B is an SEM image of the particle surface at 400 °C immediately after fracture lines are
observed, as ¥ vapor escapes from the particle, illustrated by the arrows. Subsequently, as
shown in the supplemental videos, the fracture lines close and heal through diffusion mechanisms.
Figure 11C shows images of another particle surface at 400 °C immediatetheft@set of
the grain boundary fracture. In this case, the particle was quenched from this condition, and
subsequently cross sectioned with a FIB, which reveals interconnected porosity along the grain
boundaries inside the particle (Figure 11D). Hee,release of #0 vapor at 400 °C causes the
interconnected porosity along the grain boundaries underneath the particle surface, with an

additional porosity towards the center of the particle.
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Figure 11.Scanning electron micrographs of a ¥ particle after hydrogen treatment,
before A) and afterBi D) in-situ SEM heating on a SiC chip to 400 °C at 100 °C/s under

a vacuum.

3.3.2. Electron Beam Fabrication

EBM involves the selective melting of an elevated temperature powder bed for part
fabrication. In this study, th&70°Cpowder bed temperature for part fabrication in copper is below
the critical temperature for @ release in hydrogetmeated powder. The reported powder bed
temperatures for the EBBF of copper range from 380°C (Lod#sal. [8]) to 530°C (Guschlbauer

et al. [9]), with oxygen contents comparable to the-E®Dused in this study (although with a
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larger powder size distribution). It was observed early in the development of this study that the
removal of surface oxides wittydrogen heat treatment resulted in difficulty in spreading the
powder at elevated powdbed temperatures (>350 °C). Without the presence of surface oxides,
the activation energy for sintering is greatly reduced. In some cases, sintering was obserged dur
spreading, resulting in homogenous and uneven layering. A lower powder bed temperature
alleviates this problem to some extent, and, from a practical standpoint, facilitates the removal of
powder from closed cavities. Unlike other common materialzetilin EBPBF (e.g., Ti6Al4V,

TiAl, and 718), copper powder is less susceptible to chiadyeced scattering, because of its high
conductivity, which also enables HEBF processing at lower temperatures, with minimal
sintering.

The single melt track widtlexperiments, described in Section 2.5, were carried out to
determine whether the powder adjacent to the -pwdt front reaches a sufficiently high
temperature for a sufficiently long duration, in order to induce the powder crackidgabor
release meamism observed in the heated stage experiments. The thermal input conditions were
modeled using the 3D transient heat transfer model developed by Lee et al. [41] at the Oak Ridge
National Laboratory, to guide the experimental design. A 2D contour pldteofeimperature
profile during melting with a 2000 um hatch spacing is shown in Figure 12. The heat affected zone
in the powder bed surrounding the melt pool extends several hundred microns below and to the
sides of the melt pool, ranging from 500 °C at B9 from the center of the melt pool, to 350 °C
at a distance of 250 pum.

The powder samples were harvested from between each of HRBEBvafers from the
edge/wall wafers and in ~0.1 mm increments so as to determine the influence of the heat affected

zoneof the melt pool on the surrounding powder bed particles. FiguresClake the SEM images
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of the sintered powder adhered to the fabricated part (Figure 12A), ~0.1 mm distance (Figure 12B)
and ~0.3 mm distance (Figure 12C) from the part where the satiaca&cteristics of the particles
correlate to their respective associated temperature. The sintered powder at the edge of the melt
pool was estimated to reach temperatures of 700 °C, where the subsuaiseeidpected to be
expelled from the grain boundes, and the particle surface is smoothed due to diffusion at these
relatively high temperatures. Powder images at 0.1 mm from the edge of the wall experienced
temperatures of approximately 4@D0 °C, according to the thermal model, and had features
similar to the insitu SEM heating (Figure 11), where obvious grain boundary cracking occurred,
but no surface smoothing was visible. The collected powder imaged at®mMm from the melt

pool showed no obvious surface changes because of the relativelgngperature (<350 °C)
estimated by the thermal model, and still contained the characteri€ticapor pores. These data
support the hypothesis that®lis released in the heat affected zone ahead of the melt pool in EB

PBF.
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Figure 12.Contour plot of theemperature profile in the XZ plane during melting, with
a 2000 um hatch spacing, showing SEM images of particles located at the edge/wall (

~0.1 mm B), and ~0.80.5 mm C) from the wafer.

To determine the extent at whichv® is released from hydrogereated copper powders
during melting as a function of the initial oxygen content, single layer discs were fabricated from
each of the treated and untreated powder conditions. Figure 13A shows an image of the melted
wafers on the OFE copper fixture aftemoval from the EBP?BF system. Figure 13C shows an
optical image of the surface of the hydrogerated LOCu melted disc, which exhibits a uniform
surface texture with evenly spaced melt pools. However, aniborm surface texture is observed
on the hyrogentreated HGCu melted disc, where exposed powder can be seen in circular pores
on the surface (Figure 13B). The oxygen and hydrogen content of the starting powder, and the

resulting solid discs are tabulated in Figure 13D for the treated powderanhated powders

50



showed no change in oxygen content. A minimal change in the oxygen content was detected in the
treated LOCu solid discs from the starting powder. However, the-Gi0and HOCu solid discs

show an approximately 50% reduction in the oxygentent from the starting powder. In both
cases, a reduction in the hydrogen content is also observed as being approximately proportional to

the amount of reduction in the oxygen content.
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O, (wt. ppm) H, (wt. ppm)
PowderID | Condition Powder Solid Powder Solid
Avg SD Avg SD Avg SD Avg SD

LO-Cu Hydrogen

(15-53 um) Treated 5476 | 834 |52.825| 5112 | 156 | 0.97 |4.5385| 0.613

MO-Cu Hydrogen

(15-53 um) Treated 28233 | 3.79 | 106.7 | 12.87 | 31.83 | 2.02 |3.4665| 0.152

HO-Cu Hydrogen

(15-53 um) Treated 586.97 | 35.28 | 197.05 | 6.435 | 76.44 | 577 | 7.236 | 0.164

Figure 13. Photograph showing the oxygen frelectronic (OFE) copper fixture after
EB-PBF of single layer discs on top of hydrogesated powder cake#\). Optical
microscope images of the surface of single layer disc produced with hydregeted
HO-Cu showing pitting and porosit], and surfacef single layer disc produced with
hydrogentreated LGCu, showing a smooth surface textu@®.(Tabulated oxygen and
hydrogen contents of the precursor powders and the solid single layer discs for each

treated powder conditiomDy.
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The residual gas analg was measured as a function of time during the®BB of HOCu,
MO-Cu, and LGCu single layer discs, and is shown in Figure 14. Each disc was melted as a single
step and the ¥D partial pressure was allowed to stabilize before moving to the next beeplGr
Cu and MGCu powders show an increase in partial pressure of i@eviipor during the melting
of the disc with the intensity of the peak being indicative of the relative amount of hydrogen in the
powder, as seen in Table 1. The peaks gradually dimis the KD vapor is removed from the
system via the vacuum pumps. A minimal peak is witnessed during melting for 1{8e pOwder

because of the absence of appreciabl@ tapor trapped in the particles.
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Figure 14. Residual gas analysis of HCu, MO-Cu, and LOCu powder during the

electron beam powder bed fusion @PBF) of single layer discs.
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The presence of porosity on the surface of the discs produced from hytheafed HACu
and MOCu powder is indicative of excessive spatter, and suggestsfoation of the KO vapor
escapes from the liquid copper, in addition to the cracking mechanism observed in both the EB
PBF wafer tests and the heated stage experiments. To examine this possibility, high speed imaging
(30 kfps) was conducted during the Itimg process. Full videos are included as part of the
supplemental data in this report. Selected frames of-¢pgled footage of the EBBF of
hydrogentreated LOCu powder (Figure 15) show a relatively stable melt pool with minimal
spatter. However, Figa 16 shows selected frames from the fégbked footage of hydrogen
treated H@ECu particles during melting, and in this case, significant spatter is observed, caused by
the escape of #D vapor and the expansion in the molten copper. Large bubbles, oméneb
1i 2 mm in diameter, are observed expanding and collapsing from liquid copper several mm behind
the EB spot. Figure 16B shows a bubble forming in the molten pool, which then collapses and

ejects molten metal from the pool shown, in Figure 16C (atdatby arrows).

-172.333ms -170.200ms -167.687ms

Figure 15.Representative frames of higpbeed video footage showing the-BEBF of a
single layer disc on hydrogdreated LOCu powder at timestamp472.333 msA), -

170.200 msR), -167.687 msQ).
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Figure 16.Representative frames of higpbeed video footage showing the-BBF of a
single layer disc on hydrogdreated HGCu powder at timestamps 195.433 Mg, (

197.700 msg), 198.733 msQ).

Despite the presence of porosity in the single layer melt scenagedtay the escape of
H20O vapor from the liquid zone, it was speculated that the layerwise remelting of a material
typical in additive manufacturing would serve to reduce or eliminate this porosity in the
fabrication of components. In order to determireeffect of successive melts on the removal of
H20, as well as the solid sample density, cylinders were fabricated using hytheafed MG

Cu powder.

In the EBPBF validation runs, the precursor untreated powders had an oxygen content of
~450 ppm and ayldrogen content of ~2 ppm, and the solid copper components fabricated with
untreated powder show no change in the oxygen content. Hydrogen heat treatment ofGhe MO
powder reduces the oxygen content to ~280 ppm because of the volumetric elimination of
suface oxides, and additionally, the hydrogen content of the powder is increased to ~33 ppm.
Solid samples fabricated with EBBF using hydrogetreated MGCu powder results in an
oxygen content of ~50 ppm, and a negligible hydrogen content. WieIiRGAduring both
trials shows the partial pressure of the layerwise outgassingQdo¥&por, which while present

on all AM powders, is two orders of magnitude higher for the treated powders compared with the
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untreated powders. These data are reported in Figureigure 18 shows the representative
microstructures of the solid samples produced with both treated and untreated powders. In both

cases, a columnar grain structure is observed, aligned with the build direction, and a high density

is achieved.
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Figure 17.0xygen and hydrogen content of precursor powders and solid copper cylinders
produced with the EBPBF of untreated and hydrogaeated MOCu powder, and (inset)
in-situ residual gas analysis of both PBF runs, showing the layerwise outgassihg

H20.
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Figure 18. Optical micrographs showing polished and etched microstructures of copper
samples fabricated with EBBF using hydrogen hetteated MOCu powder A) and
untreated M@Cu powder B). The build direction for both samples amdicated by the

arrow in B.

3.4. Discussion

The oxygen content of each of the three starting powder conditions results from surface oxide
films and oxides along the grain boundaries. The copper oxide will continue to grow when exposed
to oxygen, as it does not passivate [42]. The surface oxide#sslkas a function of time at room
temperature was empirically derived by White and Germer [43]. A typical oxide thickness would
fall between B5 nm, but could be much thicker. The overall contribution of this oxide layer
becomes a significant portion dfet chemistry for a powder with a high specific surface area [44].
Figure 19 shows the calculated wt. ppm of oxygen as a function of the particle diameter for cuprous
oxide surface films of various thicknesses. In the case of a 5 nm coating, and a tgpiEsibG
powder size distribution centered at a 35 um diameter, the oxygen content is estimated to be
roughly 75 wt. ppm oxygen, assuming all oxygen neglecting the 2 wt. ppm in solid solution at

room temperature [39]. The experimental data gathered instbh@dy suggest that the oxide
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thickness on the L&u particles used in this study is 28 nm, consistent with our STEM
observations. Volumetrically, this accounts for the measured 200 wt. ppm oxygen, which was

mainly surface oxides in the 1-Ou material 6r particles in the range of 153 pum.

Wt ppm Oxygen as a Function of Particle Size
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Figure 19.Wt. ppm oxygen as a function of the particle size, assuming a 5 nm cuprous

oxide film.

The MO-Cu and HGCu particles greatly exceed this oxygen content and show a large number
of submicron oxideslong the grain boundaries, as seen in Figure 7B and Figure 7C. Naturally,
the HOCu particles show the largest number of submicron oxides along the grain boundaries, with
several larger oxides at triple points of the microstructure because of its expcsue elevated
temperatures.

To remove the oxide particles, a hydrogen atmosphere heat treatment is employed to reduce

the copper oxide to copper and@ This was first observed in the MCQu powder in Figure 7C
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and Figure 7D, where the surface oxidesre removed by hydrogen treatment. As hydrogen
diffuses rapidly in copper (900 |ffs at 400 °C [34]), it allows for the reduction of oxides present
inside the particles in a relatively short amount of time. The hydrogen treatment temperature and
time waschosen to allow for sufficient hydrogen diffusion through the particles, while not reaching
sintering temperatures for the fine powder size distribution. Although not directly reported herein,
it is worth noting that, not since the completion of this gtuee have subsequently demonstrated

the hydrogen reduction of copper powder in several furnace types (including batch and continuous)
in both pure hydrogen and in forming gas (5% h, 95% Ar), and we have observed consistent results
in all scenarios for thequivalent treatment times. After hydrogen treatment, theQd@nd HO

Cu powders exhibit a micron scale porosity at the triple points of the grain boundaries, and a
smaller submicron porosity along the grain boundaries. These pores have previousholbeen s

in the literature to be trapped® vapor [28,30,35].

According to Ito and Hayashi [35], the formation afCHvapor in closed pores is as a result
of the reduction of copper oxide during hydrogen heat treatment. Zh@apor pressure inside a
closedpore is higher than that of the surface stress of the pore, which inhibits the pore from
collapsing. However, the 3@ vapor pressure is not great enough to overcome the mechanical
strength of the grain boundaries of the particle at room temperature.

At around 350 °C, the strength of the copper is significantly reduced, and the increasing
internal pressure of the-B vapor overcomes the mechanical strength of the grain boundary and
the pore begins to expand in size. This leads to the fracturing of thedgastien as an extensive
network of interconnected pores along the grain boundaries, and a relea® \addr into the
vacuum system, as seen in the SEM images in Figure 11C and Figure 11D, and the RGA data from

Figure 14. Notably, our work is presentied a given size distribution of gas atomized powder.
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While it is apparent that the reduction of internat@and the formation of steam pores is, for all
intents and purposes, independent of particle size (owing to the rapid diffusion of hydrogen in
copper at 400 °C), the practical upper and lower limits on particle size, for which the observed
phenomena hold true, is not clear from this research. It is likely that the combined influences of
grain boundary strength, grain size, radius of curvature, @ygea content will contribute to the
steam embrittlement/fracture mechanism in different ways.

The observations shown here suggest th& I3 released by two mechanisms during EB
PBF. A chemical analysis of the sintered powder bed shows a similar oxydjepdrogen content
as the starting powder, as seen in Table 1, and suggests thaDtapdr is not released during
the preheating step, which is measured in the range 22B60°C. While not explored in this
study, it is anticipated that higher preh&amperatures, similar to those used by Frigola [1] and
Guschlbauer [9], would be sufficiently high to elicit the effect observed by the TGA and heated
stage SEM experiments. In the present case, the simulation results and experiments of a single
electronbeam melt line in a copper powder bed show that as the electron beam scans across the
sample during the melting step, the highly localized heat in front and to the sides of the beam
causes the particles in the heat affected zone to fracture becausddedthiapor expansion at
400 °C. The scanning electron microscopy of the particles surrounding the single wafer tracks
show fracture surfaces similar to that of Figure 11C.

The chemical analyses of the single layer melt solid discs of0@nd HGCu show hat
some amount of #D vapor is trapped during the solidification of the melt pool, as seen in Figure
14. We theorize that as the particles become molten, the volume of@heplor rapidly expands
because of the significant pressure drop due to the maemvironment, and become bubbles of

HO vapor in the melt pool. According to Boyl e
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with a diameter of 1 um will expand to a sphere with a diameter of 1 mm at a pressuredf 5 x e

MPa. This is approximaty a 1§ increase in the volume of the trappegDHvapor from within a
closed pore. The # vapor bubbles are able to escape the melt pool, which is evident in the
decrease in oxygen and hydrogen content of the single melt layer discs. Hdweeaeise of the

rapid solidification of the melt pool (18 to 10'® °C/s) and the high viscosity of molten copper,

and the large amount of spatter associated with bubble collapse, a portion of iBegapHr
bubbles may become trapped in the solidlsifayer discs as pores. An observation of the multiple
layer build validation runs suggest that these pores are largely eliminated by the subsequent
remelting of the previous layers, which allows repeated opportunities for@eapor to escape

to the sirface. This is in stark contrast to the traditional copper processing routes (powder metal,
sintering, annealing etc.) for which oxygen containing copper powder exposed to a high
temperature hydrogen atmosphere results in deleterious embrittlementngyaskelling, and
porosity. This is clearly shown in the density and microstructures of Figure 18. Also evident is an
apparent difference in grain size. This was not investigated in this study, but it is reasonable that
the differences in oxygen contentahe turbulent liquid pool/spatter brought about by the escape

of water vapor during solidification could lead to the disruption of grain growth observed. Further
analyses would be required in order to verify this hypothesis.

While the present study haeclused on the EBBF processing of copper, it is entirely
plausible that a comparable methodology could be repeated for the LPBF processes. However, the
poor absorptivity, lower ambient temperatures, and lack of a vacuum atmosphere may contribute
to a sigificantly different outcome. In the work by &Vardany et al. [6], a relatively high oxygen
copper powder was heat treated in a forming gas environment in order to remove the surface oxides

and subsequently be coated with a polydimethylsiloxane (PDMSheolyNo further data on the
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chemistry, properties, or microstructure of this material were reported, other than the observation
of the formation of unexpectedly large pores in single track welds that were not present in the
untreated powders. These resudiisd the results of the current study suggest that further research

is warranted, which also accounts for the potentially important effects of chamber atmosphere and

the partial pressures of the relevant gas species during the AM processing of copper.

3.5 Conclusions

By utilizing a hydrogen furnace treatment to reduce the oxygen content of atomized
copper powder feedstock for use in EBM processing, we have shown the ability to produce pure
copper parts with a lower oxygen content than that oinitial feedstock. Depending on the
initial oxygen content, the mechanism for reduction shifts from the removal of surface oxides of
a low starting oxygen content, to a combination of surface oxide removal and intgbnahpbr
formation as the startingcggen content increases. The release of internally trapp@d/épor
is shown to occur in the heat affected zone to the front and side of the melt pool, in addition to
release from the melt pool. Successive remelting allows sufficient time@rédinovalfrom

hydrogentreated powder, to produce solids resulting in an oxygen content of 50 wt. ppm.
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CHAPTER 4: Real Time Monitoring of Electron Emissions during Electron Beam Powder
Bed Fusion for Arbitrary Geometries and Toolpaths
Christopher Ledfory Mouda Tung, Chris Rock, and Timothy Horh?
1) Center for Additive Manufacturing and Logistics, North Carolina State University, 126
Daniels Hall, Raleigh, NC 2769806, USA
2) Department oMechanical and Aerospace Engineering, North Carolina State University,

Campus Box 7910, Raleigh, NC 2768910, USA
Abstract:

Realtime monitoring of electron emissions during the operable processing steps of
electron beam powder bed fusi(@EB-PBF), which typically include preheating, melting, and
postheating, provides a wealth of-process data across multiple length scales. In this paper,
we present a methodology for collecting both-taak beam positional data and electron
emissionsas a function of time for arbitrary component geometries and complex toolpaths. To
demonstrate this, we collected these data during the melting stepsRBEBf pure copper and
guantitatively compared electron images generated with this approact terag micro
computed tomography (UCT) data and optical micrographs of the same specithess.results
show a strong mathematical correlation between the location of loss of signal events observed in
electron images and observed defects in uCT. hé&same time, the collection of beam
positional information facilitates the calculation of beam velocities, and hence local energy
inputs. We also demonstrate a to methodology visualize process data from a wide variety of
sources and map these over thegéidmetries as a function of time and position and to link

these spatiotemporal data to structure observed in the electron imaging and energy input maps.
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Ultimately, we have leveraged this new electron imaging approach to defect detection into a
rudimentay control strategy to eliminate porosity in a copper sample.
4.1 Introduction

Manufacturing processes that utilize an electron beam as a directed energy source often
benefit from enhanced process monitoring and control opportunities. Like scanningnelect
microscopy, electron interactions lead to a spread of energy over a region larger than the beam
diameter 1], and this can provide a wealth of né@stantaneous spatiotemporal process data
through the collection of secondary electrons, backscattered electiays, photons, and the
like. These data, in turn, are processed to measure localized geomgdgcaphic, and
compositional variations over a wide range of process temperatures, conditions, and length
scales.

For decades, monitoring of electron beam artifacts has been utilized in electron beam
welding operations for ksitu weld seam monitoringrack/defect detection, positioning,
measurement, and beam diagnostics (focus, profile, etc.), and is often standard equipment on
many commercial system2-f]. For clarity, while not always denoted consistently in the
literature, these sensors typically detect any artifacts that induce a current including,
backscattered electroBSE), secondary electrons (SE), charged plasma, thermionic emission,
etc. and, collectively we refer to these as total electron emissions (TEE). More recently, TEE
monitoring has been applied to EB weldingsed, directed energy, additive manufacturing
(AM) processesT], but the adoption of this technique as a process monitoring tool for electron
beam powder bed fusion (EBBF) has lagged significagtiRecent publications have
demonstrated that the same principles involved in image generation for scanning electron

microscopy are directly applicable to HBF processes. Pobel et &l &ind Arnold et al.
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[10,11] generated images from low current plaster line scans acquired after the deposition,
heating, and melting of each layer using a cusbonitt EB-PBF platform with a 6kW Prbeam

welding gun with an integrated BSE detector. Théséias were carried out using Ti6Al4V with
typical operating temperatures and the basic process parameter space commonly associated with
that material (~73050°C, as measured by a thermocouple below the build substrate). They
demonstrated the capability acquire BSE data between layers during the process, generate
images, and qualitatively compared the local intensity of these images to defects in the produced
samples observed byray micro-computed tomograph§uCT) and optical microscopy. This
appro&h enabled rapid screening and assessment of a given processing space. Later, Wong et
al. published a serialized set of experiments evaluating the spatial resolution of a customized
electron sensor, data acquisition, and image generation approachdrstadleommercial

Arcam EBPBF system13-17]. In these studies, the standard heat shield was modified and
isolated from the acuum chamber serving as an electron sensor. Images were generated of a
prefabricated EB?BF test geometry or machined benchmarking component placed in the
vacuum chamber. This methodology was carried out at both r@##] and high (up to 650

°C) [16] temperature. Wang et al. subsequently described a similar sensor and hat8jvdre [

a more recerpublication, Arnold et al. collected BSE signals during the melting step. They
demonstrated an example of data collected from a single layer, with various process parameters
using this approach. The authors observed features such as porosity and swehia top/final
surface of prismatic Ti6Al4V samples and qualitatively compared the same surfaces measured
by both laser scanning microscopy and confocal laser scanning microeppy |

Given the drive for improved igitu process monitoring and control capabilities for R,

monitoring of TEE during the melting step is a particularly attractive approach. While not
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previously quantified for AMthe data presented herein suggest a strong correlation of TEE to
process defects, but more importantly that such data can be acquired and interpreted ir near real
time as a function of beam position. However, efforts have been hindered by difficulties
as®ciated with system integration, automation, beam position tracking, beam power monitoring,
data acquisition, data processing, and interpretation rather than gaps in the understanding of the
physical phenomena at play.

Still, such steps are critical teMeraging the full potential of TEE monitoring in real
world applications. In commercial Arcam EEBF systems, the process parameters are
controlled by an internal thermal model. Sets of unitless parameters (e.g., speed function,
thickness function, tuing points function, etc.) are continually adjusting the primary settings
(mostly beam scan velocity and beam current) in an attempt to account for variations in part
geometry, beam path, build height, overhangs, down¥eaidg surfaces, and other stodias
thermal boundary conditions. The speed function, which is described in detail by Narra et al.
[27] maintains a constant melt pool sizedhanging beam speed in proportion to beam current.
Larger values of the speed function are related to faster speeds (smaller melt pools), and lower
values of the speed function are related to slower beam speeds (larger melt pools). The turning
points furction is a set of parameters that collectively decrease the localized energy input at the
edges of the part by increasing the beam speed (accelerating the beam when it reaches the end of
a track and turns around). The thickness function is describedaihmeSmith et al.33], and
this set of parameters increases the beam speed over downasiagigeometries to account for
the change in local theahconductivity between the solid part and the powder bed. While such
parameters are often proprietary, and their effects are not always readily apparent to the user, the

objective of this approach is twold. First, to maintain a constant surface terapge/constant
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heat flux through the powder bed, and second to maintain a constant melt pool size and
solidification conditions. The degree to which these objectives are met, and the resulting
variability in microstructure and part quality, is the subadebate and considerable research
efforts.

Nevertheless, the inclusion of a post layer scanning step would require a separate process
step, which, for the commercial Arcam control system, changes the calculation of the thermal
model and fundamentallyitars the thermal history experienced by the material, regardless of the
timescales involved. The post layer scan time depends on several factors, including the imaging
area, beam speed, ddbgging rate, and hatch distance. In the reportedlpgst imajing
approaches by Arnold et al., a customized control system is utilized, and neither the thermal
control strategy nor thermal processing conditions were documented. However, given that the
geometries reported were typically small, prismatic, and aligrnigdthe beam scan direction, it
is unlikely that these influences would manifest in Ti6AI4V. While the studies reported by Wong
et al. utilize a commercial Arcam control system, no actual dayss processing, or
manufacturing of AM parts or samples lwvihe insitu layerwise monitoring capability was
reported.

In all cases, the methodologies presented in the current literature for both melt monitoring
and post melt TEE monitoring have relied on rectilinear scan strategies in order to facilitate
beam tacking and to calculate a predicted beam position based on the start or end of scan lines
(from a deflection colil signal) and the uskafined beam speed. Although not fundamental to
the collection of signals or image generation, this limitation is a€bdo the practical
applicability of the approach. AM geometries are typically complex; build volumes often consist

of dozens of individual components with arbitrary orientations and-sexg®ns. An EB’BF
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layer consists of multiple process heatamgl melting steps, melt path orientations, trajectories,
and beam multiplexing. Recent work at Oak Ridge National Laboratory has expanded this
processing space by leveraging beam multiplexing for complex tool pathing (e.g., spot melting,
spacefilling, etc.) to manipulate local grain structure and defect formafi&®B]. Process
monitoring and control methodologies should, therefore, accommodate variability in crucial
process steps leverage AM to its full potential for components exhibiting both extrinsic
geometric and intrinsic material coragity.

Building upon the recent work, this research examines the potential of an alternative
acquisition methodology and hardware implemented on a commercial Arcam-RBEB
control system. We hypothesize that collecting beam positional data durimggniettany other
process step) directly from the system programmable logic controller (PLC), which commands
the deflection optics, facilitates several new possibilities for monitoring and control. Through a
series of experiments, we both demonstrateeamatliate the advantages and disadvantages of
these approaches. First, the positional monitoring approach described herein enatihas real
tracking of the TEE signal position regardless of part geometry, beam trajectory or speed. We
first demonstrate tBifor the fabrication of a set of prismatic samples similar to what has been
presented by Arnold et alLl?]. However, our approach incorporates wagymelt parameters
utilizing the Arcam automatic control functions. We then establish the methodology for multiple
layers and compare the results to 3Eay micrecomputed tomography (LCT) and optical
micrographs of the same samples. The TEE signahwasalized against the rene
measured output of the system high voltage beam current feedback to calculate the total electron
yield (TEY) to account for variation in the incident beam current from layer to layer. In the

current literature, only the asdefined nominal beam current has been utilized.
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The procedure reported here inherently encapsulates pispesfic data related to variations in

beam velocity associated with the system automatic control functions and part geometry by
tracking the bem position. These data were, in turn, mapped to calculate localized variations in
volumetric energy density and compared to the TEY maps at the same locations. A second set of
prismatic specimens were then fabricated to demonstrate the same approesdietboa
overhanging bridge structures. I n such cases
in beam velocity to account for the drastic change in thermal conductivity between the solid part
and the powder bed. In addition to beam velociapping, the described approach has allowed

us to map any available spatiotemporal process data over 3D part geometries, and to compare
them to the same maps of the TEY data. In order to further explore this approach, a
representative, realorld geometrywas fabricated utilizing these tools. Finally, we demonstrate

the implementation of a rudimentary laygise control strategy to minimize porosity in a sample

from the same processing space by monitoring the TEY data and adjusting the beam power.

4.2 Methodology:
4.2.1 Instrumentation and Data Acquisition:

Realtime melt monitoring of TEE signals through multiple layers, arbitrary part
geometries, and beam trajectories requires three basic inputs from-tPBFES/stem; A sensor
to collect TEE signals, redilme ora priori knowledge of the beam path as adtion of time,
and realtime monitoring of the input beam current. In the sections below, we describe the
methodology that we used to assemble these constituents on a modified Arcam A2 using the
standard commercial EBBF control system, without interripn to the standard control

process. All experiments were carried out using an Arcam A2 electron beam powder bed fusion
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system (Control software V3.2 SP2). While the monitoring system has been tested successfully
on standard Arcam hardware platfornte selected Arcam A2 used in this study utilized a
custom build platform and powder deposition mechanism for dmasth processing and

material/parameter development which are described in detail else\®@ie28|[

4.2.2Multiple Sensor Detector Hardware

The electron monitoring hardware llistrated inFigurel1: Illustration of the detector
hardware mounted inside the EBF vacuum chamber (A) and schematic of the hardware
assembly circuit diagram showing the arrangement of the componentswBich consisted of
two detector plates (a left plate and a right plate), a noise plate, and an adaptor mounting plate to
affix the assembly within the vacuum chamber. All plates \wbzetrically isolated from the
chamber and each other using alumina ceramic bolts and washers as illustrated in Figure 1. The
split-plate copper detector assembly measured 220 mm x 220 mm x 3 mm, with a 100 mm hole
in the center for the beam to pass tlgtofor powder bed processing and part fabrication. The
detector plates were attached to the noise plate with four ceramic M6 bolts and separated by
ceramic washers. The noise plate, in turn, was a 12.7 mm thick annular copper ring, a 124.5 mm
outer diamedr, and a 78.7 mm inner diameter and mounted to the adapter base plate with four
ceramic M6 bolts, again, separated by ceramic washers. The TEE sensor assembly is situated
inside the vacuum chamber below the electron beam column. This provides lgig atsess
for additional sensors (pyrometer, infrared radiation (IR) camera, optical camera, etc.) mounted
to the top of the vacuum chamber to corroborate the TEE data and described in detail by Ledford
et al. 9. In the preliminary portions of this work, we tested a TEE sensor based on the

modified heat shield methodology presented by Wong et 3].4lbeit with two isolated plates
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instead of just one, with equivalent results. Figure 1 also shows a schematic of the detector
circuit. When emitted electrons, regardless of their origin, din&eletector plate(s), a current
is induced from ground to the detector plate.
and an operational amplifier (LM358P), a voltage potential is generated.

The three circuits required for topographic and compositional data signal generation are
also illustrated. The noise plate and detector plates were connected to threecwokage
converters outside the vacuum system by means of an IS@GHENC vacum feed through
(IdealvVac P108811), which was installed in an existing port on the Arcam system vacuum
chamber. Kapton insulated wires were utilized on the vacuum side of the circuit to avoid
degassing.

The voltage converted signals from the right aftidetector plates pass through a
differential amplifier, LM358P) to produce the topographic mode signal. To generate the
compositional mode signal, the voltage converted signal from both plates pass through a
summing amplifier followed by a differentiamplifier. Then, this voltage potential is measured
using a National Instruments (NI) C series 9223 voltage input module for both signal types,
which is capable of simultaneous channel sampling as well as chiaroielnnel isolation at

100 kHz/channel.
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Figure 1: lllustration of the detector hardware mounted inside thd?BB vacuum chamber (A)
and schematic of the hardware assembly circuit diagram showing the arrangement of the
components (B). The current to voltage coterefconverter circuits) are outlined in green. The

differential circuits are outlined in blue, and the summing circuits are outlined in red.

4.2 .3Integration of the detector with the E?BF platform

Figure 2 illustrates the hardwazemponents and software configuration described in this
methodology. The Arcam EBBF system used in this study employs dedicated control cards for
driving the electron beam control and for providing feedback to the machine PLC as seen in
Figure 2. The PLGs located in the electrical panel on the lefthand side of the control cabinet
(when facing the machine). The beam position was acquired by samplind @veféedback
signals from both X and Y deflection control cards at the PLC input block. A valM of
indicated no deflection (meaning the beam stays in the center), a positive or negative voltage
along a given axis had a positive or negative linear relationship to the location of the beam on the
build platform. The location of the PLC inputs was tchfrem the output of the X and Y
deflection cards, respectively.
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Total electron emissions are proportional to the incident beam current, which itself varies
both within and between layers throughout the build process. Therefore;liaseg
comparisons throughout multiple layers need to account for this variationrwais
accomplished by normalizing the TEE signal against the incident beam current to obtain the total
electron yield (TEY). This required continuous monitoring of the incident beam current, which
was inferred by monitoring the high voltage (HV) power syfy@am current feedback signal.
Figure2 shows preliminary tests of single line melt tracks on steel plates with varying user

defined beam currents th@evealed a linear relationship with the HV beam current feedback

voltage.
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Figure 2: Plot of HV beam current feedback signal versus thedestmed beam current.

The HV beam current feedback signal was accessed and sanapéebdreakout box
between the existing D25 serial connector and the HV power supply, as shenguares.
Acquisition of TEE, beam position, and current were automated using a NI LabVIEW 2019

software interface. It is worth noting that the acquisition system records beam current,
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positional, and TEE data across all-BBF process steps, but in this studg, facused solely on

the melt step. To trigger partitioning of the melt step acquisition, the control electrode (grid)
feedback signal was sampled at 100 Hz from the PLC input using a NI 6009 Data Acquisition
(DAQ) module. Highspeed data acquisition wagygered by the change in the slope of the grid
voltage feedback signal between process steps and terminated when the grid voltage reached a
predefined threshold correlated to a nominal beam current of OmA. This occasionally resulted in
a few retained lias of preheating scan data, which were filtered by thresholding against the
beam speed (beam speed calculations are described in detalil in a later section). The TEE, X
deflection, Y deflection, and HV beam current feedback data streamed from the NI19223 DAQ
device. They were written to a NI technical data management streaming (TDMS) data file format

for data processing. The process control lodpigure3 is described in section 2.2.5.
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Figure 3: Schematic of the system integration. The data acquisition loop (bottom) shows the
hardware used to acquire TEE, X, and Y deflection feedback, grid feedback, and HV beam
current feedbek. The control loop (top) illustrates the conversion of TEY data into a feedback

signal used to modify the demanded beam current.

4.2.4lmage Generation

For each layer, the TDMS data files were imported into MATLAB (2019a). The X
deflection and Y deflection feedback voltage arrays were converted to position, the beam current
feedback array was converted to beam current, and the TEE array was normatixediry by
the acquired beam current array to generate the TEY (total electron yield) array. To convert the
array to images, the X, Y, and TEY arrays used a 2D binning strategy where the data were
partitioned into uniforsized bins arranged in 2D arragised on the X and Y positions to relate

the TEY data collected with beam raster position during melting. This method of data
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guantization improves the sigA@-noise ratio and reduces the overall data size. It is similar to
the analogdigital processig of a chargeoupled device (CCD) and commonly used in electron
image reconstruction. The optimal number of bins was determined from the bit depth of the

DAQ device (16 bit).

4.2 .5EB-PBF Sample Fabrication

As described in the introduction, severat ggsometries were fabricated for experiments
designed to evaluate the advantages and disadvantages of the electron monitoring methodology.
With each subsequent experiment, the geometric complexity is increased. First, prismatic
samples, 10mm x 10mm x kdin were fabricated for comparison to the methodology presented
by Arnold et al. 12]. Building upon this, the second set of prismatic specimens were then
fabricatel to demonstrate the same approach overhanging bridge structures. This was done to
observe the changes in beam speed and defects associated with changes in thermal conductivity
between the part and the powder bed in the overhanging region. Theseipsamates
measured 18 mm x 18 mm x 18 mm with a 6 mm x 9 mm x 18 mm dowsiacnd) bridge
section. As a case study, the electron monitoring, and beam positional tracking tools were then
used to monitor the EBBF fabrication of a reakorld geometry, @oupled cavity traveling
wave tube. This geometry was selected because it contains complex internal features,
unsupported dowfacing surfaces, and enclosed volumes. Finally, the electron monitoring tools
are used to implement a rudimentary control sgytand demonstrated for a prismatic specimen
measuring 15 mm x 15 mm x 11.8 mm. For all experiments, samples were fabricated from the
same batch of nitrogen gas atomized pure copper powder with a volumetric size distribution of

48-114 pm (d16d90) as mesured by laser diffraction (Microtrac S3500). Powder morphology
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was spherical as observed by secondary and backscatter electron microscopy (JEOL 2000FX),
and powder density was 8.92 g/cc measurediiyreagenpycnometer (ASTM B9236,
Quantachrome MicroltHapyc 1200e). The oxygen content of the powder was 190 ppm and was
measured by inert gas fusion analysis (LECO OHNB836). A chemical screening of the powders
using inductively coupled plasma (ICP) revealed only negligible, trace quantities of other
elemens. Throughout this manuscript, we have used the standard coordinate system described
by ASTM ISO/ASTM5292113(2019), (Standard Terminology for Additive Manufactuéng
Coordinate Systems and Test Methodologies). The TEE signal, beam position, and HV current
feedback signals were sampled at 100 kHz/channel. The resulting images have a square pixel
size of 100um.

The following conditions applied to all EBBF experiments unless otherwise stated. For
all experiments, samples were fabricated upon an oxfygerelectronic grade copper build
substrate measuring 90 mm in diameter and 50 mm thick. The build platform was lowered by 50
pum between each layer. Prior to spreading the first layer of powder, the build substrate was
heated with the beam to 300°C and Heldone hour. Throughout the process, bed temperature
was monitored both with a thermocouple (type K) on the bottom substrate and wathoa 2
pyrometer through a sapphire viewport built into the vacuum chamber. Melting was carried out
using the standdrraster, or snake pattern. With this pattern, the beam traverses the powderbed
within the bounds of the geometry in a given direction, then moves a small distance
perpendicular to this (the line offset) and reverses direction parallel to the first tidukline
offset used was 130 prand the direction of the hatch pattern was rotated 90 degrees with each
successive layeRowder bed preheating maintained the bed at a stable temperature of 300°C+

30°C. In all experiments, beam focus offset fromdaiéorated position was 18 mA, and the

83



programmed beam speed was 1000 mm/s. After sample fabrication, the entire build volume was
allowed to cool, under vacuum, until the temperature of the thermocouple fell below 32°C, at

which point the vacuum chambeas ventilated to dry argon, and the parts removed.

4.2.6Comparison of TEY melt imaging to uCT

For the first experiment, twelve copper samples measuring 10 mm x 10 mm x 10 mm
were fabricated. The beam current and the Arcam automatic control paraméts peed f unct
described in detail by Narra et &7 were varied. The useatefined beam currents were 8, 12,
and 16 mA and, the unitless spdedction values were 10, 20, 30, and 40. Each sample was
melted individually. During AM processing, TEY layer images were acquired and binned
throughout the fabrication of samples with the previously described methodology resulting in
200 layers/imagesap sample. After fabrication and cooling, samples were removed from the
substrate by a band saw, with a material loss of ~1.8 mm due to saw blade thickness at the
bottom of the sample. The top surfaces of the samples were imaged using a Hirox optical
microscope at 70x magnification with digital tiling to evaluate visible porosity or surface
topography. We used UCT data to raestructively evaluate the internal porosity of the samples
using a Zeiss Xradia Versa 3Drdy CT system with160 kV acceleratingltage at 10 W max
power, producing a voxel resolution of 14 um. These data were used as the reference images for
subsequent analysis and correlation of the TEY images generated during the melting step of EB
PBF.

Subsequently, the samples were sectioni#ld igspect to the YZ plane using a lspeed
diamond saw, hot mounted, progressively ground from 600 to 1200 grit and polished to 0.1 um

alumina slurry. The optical microscope was again used at 70x magnification to generate tiled
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images for porosity majmy. For comparison, the uCT data and TEY images were also sliced in
the YZ plane at the same measured location. Two methods were used to compare TEY images to
MCT images, the mean absolute percentage error (MAPE), and the structural similarity index
(SSM). The MAPE process calculates the relative error associated with values deviating from

the overall mean (Equation 1). The SSIM leverages a methodology for predicting the perceived
differences between two images with similar structure details wherienaige is referenced to

the other (Equation 2). The equations for each are shown below, where details of the techniques
can be found elsewhergg29]. Both techniques were applied in this study to compare structure

and signal intensities of data from very different sources

Equation 1
_!O%p?nb .) .)

Where:
) 0 €1 aoaTaoXrEes i "t "0

) 0 €1 & owa@aoXaEs "o @

33 )@ Equation 2

Where:
* =average of x
= average of y
, =variance of x

, =variance of y

, = Correlation coefficient of x and y
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TEY images were prprocessed in order to facilitate the comparison, and, for the
purposes of thianalysis, the uCT were treated as the reference data. TEY images were first
converted to 14it grayscale to match the image type of the uCT data using ImageJ. The uCT
data had 14 pm resolution along the Z direction (build direction). They were therefarapled
at 50 um intervals in the Z direction to match the layer thickness of the TEY data so that the 2D
(X-Y) images from each dataset could be compared. The average intensity of the TEY image
was adjusted to match the uCT image using the MATLAB pistm equalization function,
(imhistmatch). Image registration between the TEY and uCT was performed using the feature
based image registration tools in the MATLAB computer vision toolbox. The structural
similarity index (SSIM) evaluates variations in lumance, contrast, and structure of an image
with respect to a reference ima@&][ In this study, we used the uCT data as the reference
image. The SSIM outputs a matthat represents the local SSIM value at each pixel, where
smaller values (less correlated) appear darker, and higher values (more correlated) appear lighter.
The reported mean SSIM value is the arithmetic mean of the SSIM matrix. The above procedure
was then repeated for every layer in each sample.

In the MAPE approach, line profiles of TEY and UCT intensity along the X direction
were measured every 0.2 mm along the Y direction in a layer. Each datum along the profile line
was normalized against theerage intensity of the entire corresponding image from which it
was taken. MAPE was used to compare the TEY to the uCT data along the profile line. The
overall average and standard deviation of MAPE values are also calculated for the entire image
[29]. For further comparison to optical micrographs, image stacks of both the uCT (14 um voxel

size) and the TEY data were resliced in parallel to the YZ plane using In{@@eview plug
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in). 3D visualization of the sample porosity was reconstructed using Dragonfly software (V 4.1

from Object Research Systems).

4.2.70bserving beam speed and TEY for Arbitrary Geometries
An inherent feature that results from the trackifhthe beam positions during the TEE
melt monitoring is that the beam speed at any point during the process can be easily calculated

from the timestamped X and Y positions using the distance equation in Equation 3:

R ® 0 Equation 3

Where s is the calculated beam spee@x y are beam positions after moving from its
previous position (¥ yi1) for any position during rastering and, t is equal to the interval between
samples (seconds).

To verify in-situ beam speed calculations,fnh x 10 mm x 10 mm copper sample
blocks were fabricated on the HEBF machine with the automatic control functions disabled to
prevent the system from overriding the udefined speed. This ensured that the -dsfined
beam speed and current were usadl ¢his was consistent with the methodologies reported by
Guschlbauer et al., Lodes et al., and Raab et al., for pure c@0g22][ The velocity and
current settings were varied between 800 m2/H00 mm/s and 8 mA6 mA, respectively.

Beam speeds were also observed with {sigéed imaging (Photron $42 High-Speed Camera)
at 30,000 fps by repeated measurements of the distance the beam traveled between 50 frames.
Figure 3 shows the average calculated speed from imaging compared to thefineer beam

speed. This technique was then applied to the 12 copper samples selfAPE and SSIM

87



analyses, which were fabricated with the Arcam automatic control functions enabled. Beam
speed calculations were then used to observe the changes in speed implemented by the Arcam

speed function and turning points functions.
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Figure 4: Plot of userdefined beam speed and calculated beam speed. Error bars indicate the
standard deviation of measured speeds.

The velocity monitoring tool also allowed us to produce process 3D maps across multiple
layers and areas ofterest to compare with suspected porosity and other related defects from
associated TEY data. By incorporating the monitored beam current data, we were able to plot a
pseudevolumetric energy density map of the HBBF processing space as a function difoan
and time compared and overlay these data upon-tli@énsional (4D) TEY (density space).

The volumetric energy density, E (J/Mis often represented by the simple expression in
Equation 4 where i the accelerating voltage (V), | is theiolent beam current (A), v is the

beam velocity (mm/s),dis the hatch offset (mm), and t is the layer thickness (mm), and is a
common means by which to visualize the processing space for a given alloy or set of conditions
[32,33].
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YO Equation 4

4.2.8Mapping overhanging surfaces and complex geometries

In thisportion of the experiments, we applied the TEE imaging and beam speed mapping
capabilities to a geometry with complex thermal boundary conditions, focusing on overhangs.
The thickness function is a control parameter within the ArcariPBB system that imeases
beam velocity on downwatfécing, or overhanging regioms account for the changes in
thermal conductivity associated with these ardstshe first layer of an overhanging feature, the
beam velocity is increased, and, with subsequent layersetim speed decreases inversely with
increasing vertical distance from the overhang in order to lower beam heathhpeatcopper
samples with crossections measuring 18 mm x 18 mm x 18 mm were produced with a 6 mm X
9 mm x 18 mm downwarthcing bridge sction, as shown iRigure5. The basic melt
parameters using a standard raster melt strategy were described previously. The typical Arcam
automatic cofrol functions were activated, which included parameters such as power analyze
(surface temperature), speed function, turning points function, and thickness function. Nested
within the thickness function are several other param#tatglescribe the ragnd the profile of
the change in velocity as a function of the distance from the overhang region are max thickness
(Tmay), the speed factor {Sthe thickness factor ()l and the exponent factori{{Eas
demonstrated by Smith et al. in Equatior8g]]

0 Y Equation 5

U Qwrp Y Y p

Il n our experiment, the thickn®asandf dondbiicame

f a c {T9 wece varied from 0.51.5 and 1680, respectively. Throughout the fabrication
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process, the TEE data and beam positional data were acquired andgutasasg the
methodology described previously. TEY and beam velocity maps were compared to uCT and
optical micrographs of the samples.

In order to demonstrate both the efficacy and potential utility of the TEE melt monitoring
approach, the methodology wen extended to an arbitrary component geometry with complex
features that have previously proven challenging to produce witREFB The component
selected for demonstration, showrFigure5B, is a pure copper,-Band coupled cavity
traveling wave tube (CCTWT). The key features of interest are large spans of unsupported
downwardfacing surfaces and varying, npnismatic, crossectional geometry. Hi is, this
geometry and the beam tool paths associated with it, are significantly more complex than the
prismatic samples previously reported for electron imaging in the literature. Additionally,
selected spatiotemporal data associated with this margtapproach were mapped over these
3D reconstructions and compared to TEY. One feature of the Arcam control system that is not
typical in many AM platforms is that the machine control functions (PLC data) and commands
are written to a text file. Altogetheseveral hundred timgependent process variable data
streams were recorded throughout a single run and mapped against TEY.

We arbitrarily selected several of these data streams parsed from the process log file
using MATLAB. By aligning the timestampgith the timedependent positional data streams
(deflection coil feedback in X and Y), we were able to map these values in 3D space for both
visualization and for correlation to defects observed in the TEY data in the same 3D space. In
the visualizationsthe log file values were interpolated to account for the wide variation in

sampling rate compared to the positional data.
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Figure 5: lllustration of the overhang geometry (A) and illustration of the CCTWT device (B).
Theillustration is sectioned in the XZ plane to highlight the internal dowmnfaithg features.

Note: images are not to scale.

4.2.9Implementation of a Rudimentary Control Strategy Based on TEY
In a final experiment, we examined the implementation of ereitary control strategy
based on monitoring of the TEE on a layer by layer basis as follows and illustr&igdrie3.
First, the high voltagepowe supply controll er él6Vsgmalihveas ded bea
monitored using a NI19223 voltage input at 1kHz. Next, this signal was intercepted using a
breakout box to access the individual contacts in tseallD25 connector at the HV unit control.
As previously described, #melt layer images were generated at the conclusion of each melt step
using MATLAB. The image matrix was then averaged, and a single scalar value of average
TEY was generated. This was c¢omgdardedd ntad elrd tah
the measured signal input for demanded current. The dimensionless TEY threshold for solid

material was set at 0.24 based on observations made from the initial experiments in this study. If
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the average TEY of the image was below thisshoéd for four consecutive layers, MATLAB
output a signal to increment the beam current by 0.5 mA. Four layers were chosen because,
based on the previous experiments, it was not expected that the porosity would be eliminated
within a single layer. Withhis incremented signal, LabVIEW then outputs HO¥ signal to the
high voltage power supply control demanded beam current input via a N19264 voltage output
proportional to the increment. The original demanded beam current signal was returned to the
high voltage current feedback port on the PLC to prevent the Arcam control system from
overriding our incremented current.

To demonstrate this, a copper sample with a 15 mm x 15 mmszossn was
fabricated to a height of 5 mm using stable parametersdbrdansity copper identified in the
previous sections with the standard Arcam automatic control functions enabled. This step was
taken to provide a stable base upon which to test the control algorithm. At the height of Z =5
mm, we manually decreased theam current from 8mA to 3 mA, resulting in a parameter space
known to produce severe porosity in copper. This parameter set was used for an additional 1

mm, after which the TEY control algorithm described was implemented.

4.3Results

Based on théollowing analyses of the TEE data collected during melting, it is prudent to
highlight some current limitations in the interpretation of the results. The signals acquired by the
TEE detector reported in the present study originate from multiple sourckesling BSE, SE,
and Auger electrons, as well as charge transfer induced by shielding gasses/plasma, thermionic
emission and ejected powder particles. During the melt step-6fBB the primary electron

beam at an energy and currdmt) interacts withthe powder bed, the melt pool and the
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surrounding solid material. The bulk of the electrons are absorbed by the build volume,
conducting a sample current, and generating the heat required for melting. Some electrons will
be elastically ejected (BSE) aralportion of which undergo inelastic collisions and lose energy.
Some electrons within the interaction volume will be energized and emerge as true secondary
electrons. Total electron emissions (TEE) refers to the collective mixture of these sd4jrces |
While the predominant source is most certainly backscattered electrons, this distinction may
prove to be an important one in future studies. Backscattered etetytpically have a wider
angular distribution compared to true secondary electrons, are more energetic and, therefore,
easier to detect, amongst other sources of noise in the AM enviror26eBd][ Secondary
electrons are also slower and less energetic, and will, therefore, lag behind backscattered
electrons. In commercial EBelding systems, the detector is often biased to prevent secondary
electron detection. In our study, no attempt was made to parse out the various components of
this TEE signal.

Ultimately when an electron, regardless of its source, contacts the desedébector
current is conducted. Due to the large observed variations in beam cusigeat fhultiple time
scales, the TEE signal is normalized to the instantaneous measured beam current. In equation 6,
this ratio of the TEE to the primary beam cutr@pe) is referred to as total electron yield (TEY)
[26].

4 %% Equation 6
4 %9 —
0 ,O

4.3.1 TEY melt imaging to pCT Comparison
Initially, we looselyfollowed the qualitative comparison ofimelt images to laser

microscopy and laser confocal microscopy reported recently by Arnold et al. for Ti6RAIAV [
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However,in our study, the comparison was made instead between the top surface/last layer of
the TEY image and a uCT image of the same layer for a direct comparison of structure and TEE
signal intensity. We then extended the demonstration throughout all of éne &dythe samples.

Figure6 shows results from the MAPE approach for comparing normalized line profiles
of the TEY and pCT data sets for a single layer from the sample with a 12 mA beam current and
speed function of 40MAPE is a common measure of prediction accuracy in regression analysis
[29,35,36]. In this analysis, the uCT data were used as the reference seteigbittiine
profiles equally spacediY and parallel to the sampledrection were measured across each
MUCT (Figure6A) and TEY Eigure6B) image. For clarity, the lines along which two of these
profiles were taken are shown at Y =7 mm and Y = 8 mm as green and blue dotted lines
respectively.

Figure6C shows a plot of the MAPE values for each of the 48 lines. The MAPE values
associated with the lines at Y =7 mm and Y = 8 mm are highlighted and circled as the green and
blue points, respectively. The selected line profiles at Y =7 mm and Y = 8ersh@wn in
Figure6D and 5E, respectively, to visualize examples of this analysis. The profile at Y =7 mm
shows no significant loss of spatial intégsind correlates well with areas containing no pores in
UCT data and no dark regions in the TEY. Areas of porosity observed in uCT at Y = 8 mm show
multiple negative peaks indicating an intensity loss for bothrmrenalized uCT and TEY data
sets. Thessepatially match the signal loss observed within the respective images. Closely
packed porosity observed in uCT, like those seen at the top and bottom of the samples, overlap

in the TEY images leading a slightly weaker correlation in these regions.
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Figure 6: uCT (A) scan and TEY signal image (B) of the top layer of a sample built with 12mA
and SF 40. A plot of uCT & TEY MAPE (%) comparison results for 48 equidistant profile lines
(C), A plot showing the normalized line intems# for uCT and TEY data, with MAPE results,

shown in the Xdirection for Y=7 & 8 mm lines,(D & E) respectively.
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Figure7 shows the top layer of four tfie twelve pure copper samples melted with
varying EBPBF parameters and compares total electron yield (TEY) captured in real time
during melting (top row) and computed tomography (LCT) after fabrication (middle row). The
SSIM images (bottom row) are a aseire of image feature correlations and are included to
compare localized spatial intensity differences between the TEY and pCT data in an attempt to
guantify the correlation between porosity observed in the uCT data with signal loss in the TEY
data. Meltparameter information for each melted layer is shown above their respective TEY
images. These parameters were selected based on the published processing space for pure
copper and were intended to produce a range of known sample conditions for eleetrbordet
and correlation32,37]. The values shown below the SSIM map#§igure7 are the global
numeric average of thmalculation between TEY and uCT images, which ranges from 0 to 1.
The first two columns of data in Fig 6A are samples melted with lower energies of 8 mA, SF 30,
and 12 mA, SF 40 where the porosity was clearly observed as dark regioG3 idata. The
comresponding TEY images appear to show a very similar structure, where dark regions
correspond to a decrease in TEY intensity. Their respective SSIM structure correlations show a
good fit spatially of 0.80 and 0.77, respectively. The two dense samp2sndt,ISF 30, and 16
mA, SF 30 exhibited notably less structure and had better correlations at 0.94 and 0.87,

respectively.

96



A 8mA,SF30 12mA,SF40 12mA, SF30 16mA, SF30 8mA. SF30

TEY

puCT

SSIM
Index

SSIM x [
Map 4 |

>

5mm

Figure 7: A) TEY, uCT and SSIM index maps for four build conditions frorh@mA & 30-40
SF and &loseup of an SSIM index map for B) 8 mA, SF30 (blue box) and C) 12 mA, SF40 (red

box) where the arrows in each figure point to features of interest.

Notable features in the SSIM maps were halo effects surrounding bright regions where
indistinct or othenigse blurry TEY intensity indicated structure present around the sharper uCT
porosity. The SSIM images Figure7B andFigure7C show magnified regions of samples
melted at 8 mA, SF 30, and 12 mA, SF 40, respectively. The arrows in 6B show examples of
the observed halo region. The bright region indicated a gootigmasimatch of the data, but
the dark halo suggests that the TEY overestimated the defect size. Halos with a dark region
were occasionally observed in the center (arrowigure7C), indicating a poor spatial fit but,
upon closer inspection, these were almost always accompanied by a thin bright ring between the
dark center and the dark halo. In the cadeiglire7C, the effect was due to the uCT identifying
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a sharp, but complex pore geometry where therksolution TEY data was not capable of
reproducing the complex shape and resulted in a poaldocrelation.

The SSIM analysis was then expanded to include all layers within each sample. Note that we
only examined 162 of the 200 layers because the material was lost to kerf during the removal of
the samples from the build substrate. Images wenefore registered to the top surfaces of the
MCT data. Figure8 shows the global (layerwise) SSIM value as a function of layer height for the
four sanples previously discussed kigure7. SSIM maps for 12 mA, SF 30, and 12 mA, SF

40 samples are also shown at 1 mm, 4 mm, 6 mm, and 8 mm layer eigitgide insight into

how the signal structure is changing during the build process with different heat input
parameters.

The lower density samples at 8 mA, SF 30, and 12 mA, SF 40 conditions have SSIM
correlations, which range from 0.72 to 0.84 wathange of +/2.5-3%, respectively. Most of the
error associated with the overall correlation calculation represent mismatches consistent with
6hal o6 f e aFigure?g Fhe figherwansity samples have a correlation value
exceeding 0.8 for all layers, due mainly to a lack of feature structure (porosity) and mostly
represent image intensity comparisons. Both sets of image mBjggine8 are consistent in
structure and intensity for each melt condition, respectively. However, some mismatch of
features is especially noted in the edges of thmA2SF 30 samples, and most likely are missed
correlations due to complex topography associated with the edges of the sample produced during
beam turning. In this case, the TEY is able to detect these features that the uCT cannot. These
data indicate tht signal loss detected with the TEY compares well with observed features in the
MCT data throughout multiple layers and for multiple melt conditions of these simple prismatic

geometries.
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Figure 8. SSIM data for 8 mA, 1A, and 16 mA samples for all layers melted up to the 10
mm build Z height (mm). Individual SSIM map images are from 12 mA, SF 40 (green) and 12

mA, SF30 (blue) conditions at 2, 4, 6, and 8 mm build or z heights, respectively.

Since the SSIM and MAPE aetations both measure image structure similarities
between uCT and TEY data, spatially, they both correlate similar features in a different manner.
The halo effect observed in the SSIM analysis is also seen in the MAPE analysis wherein the
negative peakm the TEY profiles are broader than the uCT indicating good TEY signal loss
correlations with structure location but, the details such as shape or complexity do not often

match due the different measurement technique and associated resolution.
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Figure 9is a more traditional metallurgical comparison using standard techniques such as uCT
and optical microscopy to compare with TEY signal loss. The physical samplte sectioned

in half along the YZ plane and polished, and the uCT and TEY data (previously discussed in
Figure 7 andFigure 8) are resliced in the same YZ plane, as measured with micrometers.
Therefore, all of the data are representative of the selectedserctssnal plane for each sample.
These 3D stacked and sliced imagesewegistered to the top of the optical sample and reveal a
variety of porosity morphologies from the bottom to top surfaces of the samples. In Figure 8A)
and 8C), were the samples with the lowest energy density (8 mA, SF 30 & 12 mA, SF 40) and
clearlydemonstrated interconnected porosity from the bottom to the top surfaces in uCT, TEY
and optical images. This type of porosity morphology has been reported by Lodes et al. during
the fabrication of copper samples by EBM at low energy melt condit8thsupd in Ti6AI4V by
Schwerdtfeger et al. [37]. Recent reports concluded that the channeling is most likely due to a
combination of low beam energy and molten pagaface tension coalescence initiating from a
pore site early in the build process, which grew over the course of abiRB[. As the

energy density increases, illustrated in the 12 mA, SF30 and 16mA, SF30 samples respectively.
The samples, as expected, are near full density at the higher energy input conditions and are
consgstent with published data on BHBBF of copper25,30-32]. It should be noted, as observed

in the 12 mA samples that the speed function plays a significant role in melting, where slight
changes in the speed function (SF30 to SF40) casecggnificant changes in defect content,

such as the porosity shown in the 12 mA, SF 40 data below.
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Figure 9: TEY, uCT and Optical microscopy-X plane crossection images for selected

samples. Build direction wgertical and parallel with the Z axis.

Figurel0 (A-D) are shown to visualize further and compare the TEY signal loss with
MCT. FigurelOA demonstrates the sharp uCT porosity data stacked into a 3D representation of
the sample melted at 12 mA and SF 40. At the same Eilgere10B shows the TEY data of the
same sample stacked for comparison. Columnar porosity is pervasive throughout the sample and

is observable in both imaging modalities. As a parison, the dense sample (16 mA, SF 30) is
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shown inFigure10C andFigure10D for stacked uCT and TEY data, respectively. The latter

composite images both show comparatively less porosity located in the sample and indicate the

crosssectional slice shown iRigure10D is representative of the nefatl density sample.
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Figure 10: Stacked 3D maps of 10 mm x 10 mm x 10 mm cubes salid background intensity
removed to demonstrate porosity A) uCT scans: 12 mA, SF 40 B) TEY: 12 mA, SF 40 C) uCT

scans: 16 mA, SF 30 D) TEY: 16 mA, SF 30

4.3.2Spatiotemporal Process Maps
A common complication that arises in developing a feasible processing space for a given

material using the El®BF process is that the constituents of the incident energy input, beam
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current, and beam speed are not explicitly known to the RgerThis is because the

commercial feedforward, opdaop control system varies energy input within a layer and
throughout the part fabrication process to account for predattenges in local and global

thermal conditions associated with part geometry. The beam current is adjusted throughout the
height and usually stabilizes within a few layet§][ While modulation of beam current may be
the more desirable approach from a materials standpoint, beam speed is the most responsive
parameter to adjust within a layer at the required rates in this particlBBEBYystem. The
Arcam fiepeedono adjusts the beam speed to acc
turning points function increases the beam speed at component edges to mitigate over melting,
and the thickness function increases beam speed for dowsfaeamg surfaces taccount for the
change in thermal conductivity between the solid part and the overhang. Nested within each of
these functions are a myriad of driving parameters that dictate the magnitude and rate of these
adjustments. When properly tuned by the ubese Arcam specific functions aim to maintain a

relatively constant melt pool geometry and hence constant solidification conditions.

4.3.3Beam Speed Mapping

An integral component of the TEY imaging methodology presented in this work is that
beam positin was tracked as a function of time regardless of the trajectory of beam travel.
Average beam speed among any grouping of data can, therefore, be calculated and related to the
TEY data in the same 3D space. This facilitates correlations between threnpexe of
machinespecific automatic control functions and observed defdeatpurel1l shows a
compilation of images from the four sampleg-igure?7, but at an arbitrarily selected Z height of

5 mm. The top row shows the TEY images at 5 mm Z height (mm). The beam speed maps for
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this layer are shen in the next row, and these show how the turning points function increases
the beam speed at the part edges. Volumetric energy density map?) @ensimown in the

third row of Figurell.
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Figure 11: TEY (top row), beam speed (middle row), and volumetric energy density (bottom
row) maps for the pure copper samples fabricated with parameters listed above each column and

sampled at the height of Z height of 5 mm.

Since the turning points function is nested below the speed function in the system
architecture, lower speed function settings result in slower beam speeds, and a higher speed
function results in higher beam spledor a given set of parameters. This is generally observable
in the comparison between the samples melted with 12 mA and speed functions of 30 and 40,
respectively. Here, the difference in density inferred from the TEY images between samples 12

mA, SF 4, and 12 mA, SF 30 shown kiigurellillustrates the sensitivity to highésvel speed
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function and turning points function parameters at the same ti@aent. Note that the standard
Arcam 6turning pointsé functions for Ti6AIl 4V
Occasionally, as discussed in the methodology section, a portion of the preheat current may be
captured in the speed maps. Ttas be seen as yellow dots in the 12 mA, SF 30 sample. These
artifacts are the result of triggering the melt scan acquisition with the change in the slope of the
grid voltage signal. Such artifacts can be removed ingrostessing because the data areti
stamped. They have been retained in this figure to both acknowledge and highlight this potential
limitation.

Higher beam current also resulted in higher beam speeds associated with the turning
points function, as seen by comparing the samples witsatine speed function of SF 30, and
beam currents of 12 mA and 16 mA consistent with the contribution of the speed function. This
is why, for instance, the measured beam speed in regions is observed to be higher than the
programmed beam speed (1000 mnits}. being upregulated by the speed function and turning
points function to reduce the local energy density and account for both the thermal history as
well as predicted changes in local thermal boundary conditions. Additionally, since data are
registerd with respect to time, key parameters such as sample melt order and beam trajectory are
inherently encapsulated in these results. Overlaying the measured beam speed, hatch and layer
thickness allowed us to visualize the localized volumetric energy devisith was mapped
over each sample area and throughout all of the layers. This illustrates the reduction of energy

input associated with increased beam velocity within the turning points regions.
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4.3.4Thickness Function Mapping

In this portion of the experiments, we aimed to apply the TEY imaging and beam velocity
mapping capabilities to a geometry with complex thermal boundary conditions, in this case,
overhangs.Figure12A shows the beam speed map for a cgEsgion in the XZ plane for the
nine samples that were produced with the varying Arcam specific control parameters nested
within the thickness function: the thicknesstéacT;, and A s pe Mote thht&ist or 0 S
unitless, and fThas units of millimeters. These data demonstrate the increase in beam speed in
the downfacing region and the relative influence of each parameter. The BligLire12B
shows the same data extracted from a line profile along the Z direction in the center of each
specimen. The layer height in the plot indicates the distance in Z frdimsth@verhang. At the
height of z = 14 mm, the Tmax value (5 mm above the overhang at z = 14 mm) is reached, and
all nine parameter sets return to the base parameters which are not influenced by the thickness
function parameters beyond this height.

These data corroborate the previous work by Smith eB3lahd are consistent with the
arithmetic predictions. The images showirigure12C andFigure12D are TEY maps of
samples with a thickness factor of 1.0 and a speed faicidr and 30, respectively. Note that,
like the turning points function, the thickness function is influenced by other parameters (e.g.,
beam current) not necessarily embodied in Equation 5. TEY maps were extracted from the XY
plane at Z distances @f.0 mm (i.e., 1 mm below the first downwalating layer) 1.0 mm and
3.0 mm above the first downwafdcing layer.

The sample with a speed factor of Higure12C) initially showed a higher TEY
intensity at a distance of 1.0 mm above the overhang. However, this resulted in swelling and an

uneven surface. On the other hand, the sample with a speed factoF@fuB812D) exhibited
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a low TEY intensity at a distance of 1.0 mm above the overhang. This resulted in a flatter, but a
porous downwardacing surface that propagated through the sample. TDhssevations are

further supported by the optical cressctions of the same samples showRigure12E.

Previous work by King et al. had demonstdat®w increasing the beam speed for the
overhanging regions in Laser Powder Bed Fusion (LPBF) of steel both reduces the localized
energy density and distortiod]]. The beam speed is reduced after several layers are built up,

and a thermally conductive pathway is established through the material.
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Figure 12 Beam speed map section in the center of the XZ plartadaverhang experiment
showing the change in beam speed in the overhang region (A). A plot of the same data extracted
from a line profile in the center of each sample oriental along the Z axis (B). TEY images at
1mm below (left), and 1 mm and 3 mm abdlve downwarefacing surface for a thickness factor
of 1.0 and speed factor of 10 mm (C) and 30 mm (D). Tiled optical microscope images of the

crosssection at each corresponding height and condition, respectively.
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4.3.5Process Parameter Mapping
In the following section, we have plotted selected data from the preceding experiments
(12 prismatic specimens and 9 overhang geometries) in volumetric energy density space.
Plotting the TEY, beam current, and beam speed observations, from our own erpgrim
reveals clarifying trends regarding the functionality of theFHE- automatic parameters and
their relationship to observed defects in the samptagure 13 shows the reported processing
space for EBPBF of copper37]. It should be emphasized that although the volumetric energy
density is a commonly reported value in tiberature, it produces a relatively subjective value
that does not consider a great many factors, such as spot size, powder packing, powder size
distribution, oxygen content, and absorptivity and thermal conductivity of the powder bed or
material. While v have access to some of these data, they are often not reported in the
literature. We have, therefore, mapped our data in the same space for the purposes of
comparison. Indeed, all of the sample values reported previously are derived from prismatic
(constint crosssection) geometries and, with the exception of the data reported by Ledford et al.
and Frigola et al., the automatic control functions were explicitly disabled. As reported, these
data suggest a narrow processing window forFES- of pure coppg 138, but also infer that
the optimal energy density (or processing space) can be distilled to a singular value. While the
reported data are validated by theipeatability across multiple studies alone, they are valid only
for a narrow set of boundary conditions and do not consider the extreme variability in thermal
boundary conditions associated with complex geometries, overhangs, and component borders.
Included in Figure13A are the higHidelity beam power and velocity measurements for
the samples included in the present study. A threshold of 99.5% relatisgydis used to

delineate porous from dense samples in this plot. These data indeed show the variation in local
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energy density required to account for changes in the boundary conditions. Included in these
plots are data collected throughout all 20@els of the build for each of the four samples.

Following this,Figurel13B plots the arithmetic mean of the beam current against the arithmetic
mean ofbeam velocity for each layer of each prismatic specimen reported in our study. Here
we can observe a notable linear relationship between the samples with the same speed function.
That is, these data explicitly demonstrate the functionality of the systetrol. As others have
suggestedq2,43], the speed function represents an index of idealized melt pool sizes along the
lines of constant power/velocity ratiosFigure13C shows the same volumetric energy density
space for the samples in the present study and embeds within each data point the linear distance
(parallel to the hatch direction) of that measurement from the cdrttexr sample. This has a
tendency to illustrate that the edges of the samples lie in regions of lower energy density regions
(higher speed) driven by the turning points functieigure13D incorporates the TEY data,

which we have established as a proxy for observed porosity in CT scans (within the bounds and
context of this study). For samples with 12 mA and 16 mA beam current, the long excursions
into low volumetric energy density represent the effect of the turning points function, but also
show the increase in density between sample 12 mA, SF 40 and 12 mA, SF 30. These results
show the variability required within the processing space to maintastartt solidification

conditions, based on the previous SSIM observations, a TEY value of ~0.24 represents a

reasonable threshold delineating dense from porous samples.
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Figure 13: Process space maps fordPBF of pure copperncluding this study (A). The
average beam current and velocity for each layer from the 12 prismatic samples (B). The
relative position of the beam within samples. The volumetric energy density space, which

includes TEY data (D).

4.3.6PLC Datamapping and TEY Correlation

This highlights another unique aspect of the approach outlined in the methodology
presented in this paper. The ability to acquire tbrased beam positional data inherently enabled
us to map any Hsitu monitored data, as wel ather timestamped system PLC log file data as a
function of the 3D position as shownkigurel4. To illustrate the utility of these tools in a real
world application, they have been applied to theFHB- of a high purity25] copper SBand
CCTWT. This complex geometry features bulky sections;\whlled sections, and large spans
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of unsupported downwaiidcing surfaced-igurel4 shows 3D crossections in the YZ plane of
various recorded andIcalated process parameters overlaid as 3D spatiotemporal maps onto the
part geometry. The TEY maps showrHigure14A indicate good density throughailie

process, or rather a lack of detectible porosity; however, this is reduced somewhat overall in the
downwardfacing overhang regions. This is indicated by a darker TEY intensity. The increase in
beam speed in the unsupported downwauaing regions islso evident irFigure14B. Figure

14C shows the filament current feedback voltage as a function of time. The filament current is
adjusted by the system to account for the change in filamentsgosen over timekigure14D

shows the column pressure. Notably, a fpgbssure event recorded at approximately Z=23 mm
corresponds to a series of beanmtaife events that occurred at this time. This resulted in a lack

of fusion that is identifiale as a dark band in the TEY data maps at the same lodatione

14E maps the build temperature as measured by a thermocouple at the bottonulostiiates A
notable increase by aboutl®°C is evident at the height of Z = 12 mm. The TEY data were also

compared with a map of the beam location at any point in figeie14F).
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Figure 14:3D data maps for CCTWT device fabricated from pure copper A) TEY data B) beam
speed C) electron gun filament current feedback D) column pressure E) bottom thermocouple

temperature F) be@aposition as a function of build time

Figure15A shows the beam position as a function of time for the first layer of the process
build for which the CCTWT device shown kigure14 was one of four devices on the build
substrate (dark blu&jgure15A). On the local scale, this provide$ormation, including the
beam trajectory and part melt order. It was demonstrated recently by Yoderd}, ahg order

in which parts are meltecan have a profound influence on the thermal history experienced by
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AM components and hence solidification conditions and microstructure. This capability is
significant because these data are not always apparent to the machine users or explicitly
controllable. This is further resolved Figure15B, which shows the melting direction and the
orientation of the line offsets (hatch spacing) in greatéaid The noise in the center of the

device is indicative of the beam jumping from one side to the other (e.g. white affayuia

15B). Figurel5C shows the melt order for the beam during the contours step, which multiplexes

the beam into several spots. Thiscsal | ed fAspot meltingo strategy
liquid melt pools. The corresponding TEY data are encapsulatédure14A. These figures

further demonstrate that the TEY data and their corresponding spatiotemporal maps can be

collected for arbitrary geometries and complexpaths.
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Figure 15 Shows beam position as a function of time for the first layer of a copper build. The
melt order and hatch direction are evident in (A). At shorter time scales, the hatch melt order is
further resolved (Bjor one of the samples. Imaging with complex tool paths that involve beam
multiplexing (spot melting), as is commonly done for part contours and arbitrary part geometries

Is possible (C).
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4.3.7Control Experiment Results

A control experiment was performed as described in section 2.2.5 to test whether the
TEY signal intensity, which we have correlated to sample porosity observed in uCT, could be
utilized to provide a feedback signal to adjust parameters and correct fas pegions during
melting automatically. In this proof of concept, the beam current was adjusted on a layerwise
basis to regulate overall energy inp&igure 16A shows a tiled optical crossection of the
sample produced by the control experiment where the initial 5 mm of the sample had little
porosity and was fabricated using a publisheddighsity processing spac@?[ 37]. This is
indicated as the regidi) in the figure. Note the sample has been removed from the build
substrate by sawing, as previously described. Beam current was then manually reduced to a
known poor density processing space with a melt current of 3mA and a beam speed of 600 mm/s.
Thereduction in beam current was accompanied by high levels of porosity in the sample (region
i). The loss of TEY signal is demonstratedrigure 16A atthe 5 mm height due to the drop in
melt current. This was continued for 1 mm of build height to establish a porous base. At the
height of 6 mm the TEY control algorithm was implemented (region iii). As obsenkgure
16, the TEY signal increased as the experimental control system ramped current over the next 4
mm of build height until the signal stabilized, producing higmsity layers again withi8A
current. The TEY value of each layer is also plotted as a function of build hekjbtine

16B, on the same pl ot , tnerdisdn beammurrenbare aladsikgow. i t hi mé
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Figure 16: Control experiment showing TEY and optical cresstion of experimental result

(A) and average layer TEY intensity and control beam current vs. build height (B).

4.4 Discussion and Conclusions:

In this work, we have presented a methodology that allows useB&-BBF systems to
monitor total electron emissions in réathe and at multiple length scales throughout the entire
part fabrication process. Using a two mskinsor TEE detector capable of both topographic and
compositional operating modes, we have shown that loss of signal events monitored in the TEY
data can be quantitatively correlated to observed defects in uCT data. We have also
demonstrated that the mapg of processpecific data related to beam current, beam velocity,
or time-stamped PLC outputs in within the 3D space of the component are also inherently
embedded in this approach and can be correlated with observed defects inferred ftone real

TEY data.

116



4.4.1 Material Considerations
While many studies have focused on Ti6Al4V, because of its relative maturity in the AM
industry. Pure copper was selected as the vehicle for these experiments for several reasons.
First, there has beengaowing interest in the processing of pure copper. As we (and others) have
shown in recent publications, the EBM process is well suited for fabricating copper components
[25,30-32,37,45-51]. Next, copper is a commercially available and supported development
material for the Arcam EBM system, and there is a growing set of collective data demonstrating
that the EBM processing space for copper is both narrow (compared to lower thermal
conductivity materials like Ti6Al4V) and extremely sensitive to external boyratarditions
(i.e., changes in thermal conductivity associated with variations in oxygen content and powder
size distribution) 30-32,37]. The difference between the thermal properties of the solid part and
the surrounding powder bed presents processing challenges and illustrates an extreme example of
the capability and the Actionality of the Arcam A2 automatic control parameters. As recent
publications on electron monitoring in AM, and decades of electron microscopy would suggest,
the methodology described here should be valid regardless of the metal or alloy processed.
Fundamentally, EBPBF is ideally suited for low volume processing of extremely
complex components for critical applications and materials. However, the presence of defects at
different temporal and spatial scales that have rendered AM production anatgtiaifan
intractable challenge. Nedestructive evaluation (NDE) methods are typically used to identify
these defects pe$tbrication. However, AM inevitably enables geometries and materials that
are challenging to evaluate with existing NDE technid68s56]. X-ray pCT is becoming an
invaluable NDE technique for qualifying AM components due to its 3D spatial representation of

the fabricated part. Howeverray uCT presents issues when dealing with higher density
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materials due to limited-rkay penetration, which limits the size of parts ttet be reliably

scanned and increased scan tin%8%. [ In these cases, smaller representative components may
be scanned but may not be fully repregaéve of the actual component with its complex
geometry and differing thermal history. A review on the usemfyquCT for AM components

by De Chiffre et al. point to the limitations associated with part size, setup and scan times, and
scan costs, whichamper adaption as a qualification meth®8|.[ This challenge was directly
experienced in the execution of this study. In this study, the Zdisgsed at maximum power
(160kV, 10W) was able to image the 10 mm x 10 mm cubes used in the comparison of the TEY
data to uCT (section 2.2.1), but not the 18mm cezsions used in the overhang geometries
(section 2.2.4). For this reason, only quaMatbptical micrographs of the overhang geometries
were available for analysis. Note that this is not necessarily fundamental. A more powerful
scanner (e.g., 240kV or neutron tomograpsfy)[could, perhaps, produce better results.
Nevertheless, one could conceptualize a part sufficiently large or sufficiently dense (e.g.,
tungsten) to prevent the practical implementation-cdyCT. Based on ouesults, the 10 mm

x 10 mm crosssection for a copper sample appears to be approaching the limit forahquT
system used, To illustrate this limitatidfigure17 shows both 3D xay uCT and TEY
reconstructions of a 10 mm x 10 mm x 10 mm copper cube produced wHBEBase
parameters identical to those previously described in section 2.2, with a SF value of 20 and a
beam current of 12mA. Regardless, as observeiyurel?, the xray uCT was unable to
penetrate the entire sample for reasons that are not entirely clear (making SSIM and MAPE
analyses impossiblef this sample). The TEY data, on the other hand, is free of such

aberrations, albeit with a lower resolution.
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Figure 17: 3D x-ray UCT (A) and TEY (B) reconstructions of a 10 mm x 10 mm x 10 mm
copper cube. In this examptbe xray uCT could not penetrate the sample, but the TEY is able

to resolve the internal features.

The copper used in our study has a density on par with nickel and stainless steel alloys,
we can, therefore, speculate that similar challenges and oppiediexist and that the
methodology presented should be applicable to these materials as well. Further studies will be
required to validate this hypothesis. Furthermore, as higher density materials such as
molybdenum $9,60], tungsten §1-63], or niobium p4] become more prevalent in AM, it will be
necessary to develop newsitu inspection techniques that can accelerate component inspection,
gualification, and certification. In a recent publication, Wong et al. demonstrated electron
imaging of sad samples in an El®BF system that included materials such as 316 stainless

steel, Ti6AI4V, tungsten, and silico4].
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4.4.2 Interpretation of TEY Data

Theinterpretation of electron images generated from a constant, low current, scan of the
powder bed/part surface with a rectilinear scan strategy has been previously demoBstrated |
11,13-17] and is analogous to scanning electron microscopy (SEM) of a metallic surface. In one
instance, the podayer scan strategy was used on a-commercial EB PBF platform after each
layer of a Ti6AI4V run to map the process spéar that materialll]. The same is not true for
electron signals collected in near r&ade during the melt step. Our data suggest that TEE data
acquired from a turbulent liquid melt pool does indeed vary based on the angle of incidence,
based on the local liquid topography, but also that this is in constant flux until solidification,
which may occur several scan lines later. The interpretatitirese data may be significantly
more convoluted than has been suggested in previous works:sptgd imaging of the EB
PBF melt pool (at ~30 kHz) shown ligure18A-C and the associated illustration in Figure 16D
demonstrate the localized dynamic, tumultuous conditions that encapsulate a number of
simultaneous interfacial events including, kinetic charge transfer, melting at the liquid front,
powder oalescence, powder/liquid ejection, plasma vapor jetting, and liquid convection and
turbulence within the melt podrigure18A shows the melt pool as the beam is starting a new
raster melt line. This image illustrates a melt pool as the beam has just turned, and the speed is
relatively fast with lower heat input compared with the stestdte line energyFigure18B
shows a higfspeed image at t = 13 milliseconds and represents a steddymelt condition in
the center of the melt line. This image demonstrates the vieldrdamplex interactions
occurring as the liquid is ejecting from the pool, plasma is observed, and the melt pool has
obvious protrusions and depressions as it melts under these specific local conditions. The image

in Figure18C was captured near the end of the melt track before the beam turns to form the next
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raster line during fabrication. While not as turbulent as the previous image, obvious liquid is
being ejected, and the pool has undulating features as it interacts with the beam.

These higkspeed image observations are well established in reported EB process
simulations 88,52-54]. It is, therefore, necessary to highlight the following distinction; while our
data suggest that a localized reduction in the TEY signal intensity may be associated with
observed defects in optical and uCT images of the same samples, it is also clear thaiate ar
directly O0i magingé these defects. For clarit
as 0l oss of signal é as opposed to Oporosity.
backscattered electrons, and poss#ielgondary electronghich are slower and less energetic
and may lag behind the measurement. Nevertheless, our data show a high, mathematical
correlation with the uCT data suggesting that the relative contribution of secondary electrons is
small.Based on preliminary Monte @a simulations of the electron trajectories (Casino v2) for
the processing conditions in this study, (e.g., 100mm thick copper plate, 60keV Accelerating
Voltage, 10000 electrons, 300 um beam radius) the backscattered electrons collected during melt
originate from a maximum escape depth of a few microfss|{f). The escape depth results
vary with the model used, parameters, and model assumptions. These values are rough estimates,
at best. However, the key point is that the escape depth is significaatlgrstinan the layer
thickness (50um) used in this study and the powder sizgi(m814um). Note also that the
powder bed confiscates the base assumption of the Casino simulations. This suggests that it is
unlikely that the imaging technique can detdtsurface porosity, and corroborates the
calculations reported by Arnold et al2], that show the variations in electron signal intensity
are related with sample topography. However, the melt pool is not static, nor does it necessarily

follow the topography of the precedimelted layers. Depending on the processing conditions,
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the melt pool may penetrate a depth several times the layer height into the solid layer previously
deposited. This makes TEY imaging during the melt very different from low current raster
scanning ba static solid shape or recently solidified layer. FAgure 18 demonstrates, the pool

has a wide range of topologies from ripples to significantrpsains, depressions, and liquid
ejections as it is influenced by physics such as vapor pressure, beam to powder bed/substrate
inconsistencies and charge interactions as other sources of turbulence. These effects may cause
depressions in the liquid surfatens to hundreds of microns below the surrounding surfaces and
generate a protruding liquid bow wave. Also, the beam is not a point source and has a gaussian
power distribution from the center to the edge, which is expected to influence the TEY signal
generated. Therefore, the resulting TEY signal likely reflects the instantaneous topology of the
melt pool, local substrate density, and the associated loss in signal as the pool either encounters
or generates a feature such as a pore that would resaoleiearon signal loss at that point in

time.
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interaction with powder bed and melt pool

The blurriness in the TEY data arises from several probable sources. First, the binning
strategy used to generate the images is itself limited by the beam tool path, which is optimized
for melting/productivity as opposed to image resolution. It is ingpbtb highlight that while
melting, the resolution of TEY images is limited by both the hatch spacing during melting and
the sampling frequency. The latter could simply be addressed with improved data acquisition
hardwareThe quantitative SSIM analydisat we have presented suggests that the location of
the defects observed in TEY images correlate well uCT data but overestimates defect size.
Interestingly it does this in consistent and predictable ways suggesting that resolution may not be
the best dagiptor of the observed phenomena. The beam diameter, which is often larger than

the observed defect ( 355 um + 50 um, measured using-&dife method at the beam currents
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used in this study), and the Gaussian profile of the beam intensity contrittiuéesiongation of
the TEY signal. As the beam approaches a defect on the scale of a few microns, the TEE sensor
will experience a loss of signal intensity across its entire diameter.

Furthermore, as the beam encounters a defect, the beam profile baugseglent
energy to increase from the edge to the center and then to decrease again. The net effect
produces a O0smearedd or | ower resolution feat
does not imply that the approach is unsuitable for applying ignal loss for porosity
detection. The challenge instead lies in identifying the most accurate analysis techniques

required for the optimized correlation.

4.4.3 Significance and Interpretation of Spatiotemporal Process Maps

The EBPBF system used this study applies a predetermined, ofmop control
strategy. A hierarchy of functions adjusts and maintains localized energy inputs and global
temperatures based upon calculated changes in thermal boundary conditions brought about by
variations in pargeometry. These functions include, but are not limited to, the speed function
(SF), thickness function, and turning points function discussed in this manuscript. These
functions are, in turn, driven by a myriad of additional parameters, a few of wdiehbleen
covered herein as well. The individual contributions and the cumulative effect of these
parameters are not always readily transparent to users-BBEBechnology. Changes in the
local energy density implemented by the-EBF control, coupled wht stochastic variations in
the thermophysical properties of the powder bed and deviations in thermal boundary conditions
associated with part geometry have presented significant challenges for process planning,

material development, microstructure conaotl AM component qualificatiog, 56, 67].
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Even minute changes in any one of these conditions can produce a range of microstructures and
defects due to changes in the melt pool 28], geometry 9], and solidification rate,
which are difficult to predict and detect in reimhe. [70, 71, 19-23].

The methodology that we have presented utilizestie& beam positional tracking and
beam current monitoring concurrently witketelectron signals. In this paper, we have elucidated
subtle but essential interconnected relationships between the beam speed data in Figures 10
and the TEY data, which has been correlated (within the bounds and assumptions of this study)
to observegborosity in uCT data. With the methodology we have describeeR? BB
researchers will be able to visualize localized changes in energy input, as a function of beam
speed, position and time throughout the fabrication of a component, and to comparetéhese da
with electron signals. We have also demonstrated that any of the collectéthecdaita streams
can be plotted concurrently with tinsgamped data from the system logs or external
instrumentation to generate 4D spatiotemporal majggi(e 14) of the component for both
visualization and correlation analysis.

For the EBPBF system used in this study, the most responsive control parameter is beam
speed.The primary control functions adjust speed to compensate for changes in current or
calculated thermal boundary conditiorfgurel1lillustrates how the turning points function
increases beam speed at the sample edges based on the assigned speed function (SF) and input
current to reduce the local energy input. However, the turning points function is aloopen
control parameter, arttie precise thermal boundary conditions at the part/powder bed interface
are not known. The concurrent electron signals and images provide insight into whether the
turning points function is performing properly or needs to be adjusted. The data from the

overhang experiments shownhkigurel?2 illustrates the change in beam speed in the downward
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facing region of a component associated with changes thittiess function parameters of
thickness factor (f) and speed factor (S Again the effect of an incremental change in a given
parameter is not easily deciphered, in part because the functions are not explicitly known to
users, but also because tlagigus functions are nested and interconnected. A change in one
parameter of a function may shift the value or change the magnitude of the effect of another.
Collectively, this makes it very difficult to quickly and precisely target melt parametersainder
variety of geometries and conditions. As Figure 11C and 11D show, the TEY data provide near
reattime feedback on the influence that parameter changes have on part properties.
Traditionally, this would require a significant number of experiments nalyses such asray
MCT or metallurgical sample sectioning, preparation, and microscopy. (similar to that shown
Figurel2E).

The ability to extracspatiotemporal process data coupled with electron signals also
allows us to explore process parameter space mapping differently and with a new set of tools.
Because of the complexity of the parameters and their interactions, material development studies
using EBPBF are often conducted with the automatic control functions disabled. Geometries
are often oriented parallel or perpendicular to the beam trajectory to hold scan line length
constant. This is indeed the case for the processing space for ppee ertracted from the
literature B0-32, 37,45 shown inFigure13A. While these data are inherently valuable, they
suggest an overly simplified view of the optimal processing space. Still, without the rgigrop
tools to fully explore the influence of various parameters and geometric conditions, it is difficult
to provide any conclusive data beyond this. However, when the selected data (for clarity) from
our study are overlaid ontéigure13A, they show a wide range of energy density values are

present within a build. This is a direct result of the eljp@p control system attempting to
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maintain a constamhelt pool size for changing conditions associated with overhangs and other
geometrical features (subject to the input parameters used). The ability to analyze parameter data
spatially and correlate it (TEY, speed, current, etc.) to defects such asypprosities a new

tool for better understanding the EHBF process and the effects on the solid articles fabricated.

4.4.4 Proof of Concept for EBPBF Process Control

The realtime nature of the data acquisition methodology we have presented, which
inherertly couples spatiotemporal process data with-tiea¢ TEY data, suggests a potential
future pathway for reaime process control. Such a study is well outside the scope of this
manuscript. Nevertheless, we have presented a rudimentary control algarithimave
demonstrated a simple experiment as a proof of concept. It is, therefore, neither optimized nor
comprehensive. Although beam speed is a more responsive parameter, most users do not have
direct, realtime access to modify it. For this reastire beam current was selected as the control
parameter for the demonstration. Because the response time for beam current is relatively slow
(compared to beam speed), the control strategy is implemented between layers and is based on
the average TEY valuer a given layer. The control loop showrFigure3 illustrates how the
high voltage power supply cont r oddlorewhdherthee man d
average TEY signal is above or below a predefined threshold. The original signal was returned
to the high voltage current feedback port on the PLC to prevent the Arcam control system from
compensating for our implemented control. Agsult, the porosity that was intentionally
induced in the test specimen was entirely eliminated within just a few millime&igts€16).
This configuation is far from ideal but does serve to illustrate the potential for interpreting and

utilizing the TEY signals to accomplish a mathematically determined process adjustment. With
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the tools we have presented, one could conceive of many possible apprimaplocess control

and new materials development. Although not attempted directly here, with the appropriate
algorithm, one could speculate rapidly screening through a plurality of process parameters to
home in on the feasible processing space fomamaterial automatically. The value proposition

of this approach will hinge upon both the interpretation of the massive quantity of data generated
per component (>0.5TB for the CCTWT build showrrigure14), as well as the ability to

correlate anomalous features smaller than the beam to identify defect formation and implement

preventative control actions in rei@he.

4.4.5 Other Observetimitations of the Methodology and Alternative Solutions

A fundamental feature of our methodology that enables monitoring across multiple
layers, and for arbitrary geometries that distinguishes it from previous work is the nd¢aneeal
monitoring of muliple data streams to normalize and interpret beam position and power. Itis
essential, therefore, to discuss to current limitations of this approach. We have monitored and
inferred the beam power from the HV feedback signal rather than direct measui@igetSO
147442). In our preliminary experiments, the TEE signal was normalized against the grid
voltage feedback (since the flow of current from the electron gun to the powder bed surface is
regulated using a control electrode). However, the gitdge feedback signal proved to
fluctuate significantly. Drift in the grid voltage was observed over time, presumably to
compensate for filament condition, but we also observed a3%&2inusoidal fluctuation. The
magnitude of the fluctuation also apps@to be proportional to the beam current. For these
reasons, the use of the grid voltage feedback monitoring to normalize TEE was abandoned in this

study in favor of the HV feedback signatigure19 shows both the grid voltage feedback signal
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and the HV feedback signal for the same prismatic components used in this study, at varying
beam currents and over multiple layers. Note that the grid voltagbdek is inversely
proportional to the beam current. The 1ISO 1424direct measurement method would be
preferable from the standpoint of precision. However, it would require significant modification

to the OEM system hardware.
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Figure 19: Grid voltage feedback signal (left) and HV current feedback signal feedback signal
(right) for multiple layers of samples produced in this study at 8 mA, 12 mA, and 16 mA beam

currents.

Interpretation is further complicated the fact that, in our study, beam positions are
monitored by the PLC feedback positions, and not by an external decoupled source. Ideally,
positions would be monitored with external field measurements. Because we are monitoring the
deflection colil feedack signal, we can validate that the beam was indeed moved to the
programmed position subject to the accuracy of the system calibration. The system is, however,

open loop, so the detector is not capable of identifying changes in position induced ksl extern
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magnetic fields. This is a common issue encountered in EB systems, where local changes in the
magnetic field (e.g., moving carts, elevators, cycling of nearby high voltage transforimers) [

72], can cause the beam to shift from its calibrated position. In an extreme extorgerturb

our methodology during a run, a small permanent magnet (9.52 mm diameter x 9.52 mm
cylindrical neodymium rare eth magnet, N42) was placed on the side of the electron beam
column near one of the deflection coil poles. As showkFigare20, this had the effect of

shifting the beam several mm. While the TEY data clearly show that loss of signal in this region,
because positions are monédrinternally, it does not register the geometric change in the
generated images. For the same reasons, the methodology, as we have described it, is not
suitable for insitu geometric measurements of the AM components. However, although not
demonstratetiere, one could imagine a myriad of plaster TEE imaging strategies to rapidly
sample and assess geometric accuracy or powder bed conditions (e.g., streaks, pits, waviness,
etc.). The TEE signal intensity is also influenced by the movement of comparitnitsthe

chamber, for instance opening the viewport will result in a slight shift in overall TEY due to the

change in the system charge state.
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Figure 20: Photograph of the pure copper build, which experienced a beiftnmduced by an
external magnetic field (A), and TEY data map showing the loss of signal associated with the
beam shift in the same nominal layer location (B).
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4.5Summary and Conclusions

The methodology and results presented in this study providiethis for other
researchers to fabricate and utilize an electron detector capabletfneeapatiotemporal
monitoring, mapping, and control of the electron beam powder bed process, without the need for
post melt scanning or any intrusion into the rpettcess throughout a build, regardless of part
geometry. It also demonstrates a methodology to connect process data from a wide variety of
sources to access build quality of fabricated articles. By joining TEY data collected from
melting, beam positiorgxternally measured data (temperature, filament current, etc.), in situ
imaging (highspeed camera), PLC data, and traditional post melt characterization (UCT, optical
images) a new way of approaching-PBF AM is available to researchers.

A summary of obervations made over the course of this research are:

1. The methodology for a split plate electron sensor and circuitry is presented. The sensor is
capable of supporting electron image generation duringBB AM in topographical

and compositional modes.

2. The electron signal may be acquired at any timettigaélectron beam is interacting with
the powder bed. In this manuscript, we demonstrate signal acquisition during the melting

step and throughout multiple layers.

3. Electron image generation through multiple layers was facilitated by normalizing the
TEE signal against the incident beam current (approximated from the HV power supply

beam current feedback signal to generate the TEY (total electron yield) signal.
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4. Electron signals from the melting step of prismatic specimens were collectedtimeal
Regons of reduced TEY signal intensity were mathematically correlated to porosity in
the same EBPBF specimens observed by optical microscopy aray x1CT using
MAPE and SSIM techniques. This was done for every layer, throughouhttight of
each specimen. SSIM images indicate a strong correlation between {¥ig#sition of
observed porosity in-kRay UCT and TEY images. TEY images acquired during melting
are blurry compared to-pay uCT. This is hypothesized to be relatethbeam path
during melting, the binning strategy and the Gaussian intgmsifite of the beam, all of

which are quantifiable

5. The beam position in X and Y was also tracked intiea by monitoring the PLC input
ports for the system X and Y deflection cards atkH¥)sampling frequency. This
facilitates two key advancements. First that thsiin electron imaging can be
conducted, regardless of component geometry or beam trajectory. This is demonstrated
for a complex component (CCTWT) and for spot melting of pantours. Second, the
collection of the beam positional data allows the calculation of key process variables such
as beam speed, beam/melt track trajectory, and sample melt order. The methodology
also provides insight into beam speed changes implehéyt EBPBF control functions
such as the speed function, the turning points function, or the thickness function. This
was demonstrated for a prismatic geometry, an overhang geometry, and a representative

complex demonstration component (CCTWT device).
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6. Combining the beam speed and beam current data streams facilitates 4D spatiotemporal
maps of part geometries showing the measured/calculated local variations in energy input
resulting from the system control functions and parameters. These maps ageolverl
with the TEY data to provide retime feedback on the effect of variations in local
energy inputs on porosity. It was then demonstrated that these data could be mapped
against any available tirtamped data streams, such as the system log fil®data
external sensor data (e.g., thermocouple), to visualize correlations between and these data

streams, TEY and process parameters/energy inputs.

7. The concurrent collection data streams related to local energy input (position, beam
speed, and beam curtand TEY data, which has been mathematically correlated to
process defects (porosity), opens the possibility fortiesd control strategies. As a
proof of concept, in this manuscript, we present a rudimentary control system to
eliminate porosity by ioreasing beam current between layers, which opens the door for

new control strategies in AM.
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CHAPTER 5: Future Work: Layer by Layer Hydrogen Treatment of Copper Powder
during EB-PBF Additive Manufacturing

5.1Introduction

Utilizing the results from the hydrogen heat treatment of the precursor powder, the idea
that we could implement a similar treatment on a layer by layer basis during the fabrication
process was conceived. Bgpurposinghe controlled vacuum capability tife Arcam system
we can create a reducing atmosphere of our choosing during the melting piiddessould
allow for the use of a lower quality copper powder feedstock containing higher oxygen content
than desirable in the final product. This higheygen content would exist as surface oxide on
the particles due to handling and sieving which ultimately help with spreadaBility.
establishing an initial pressure of 3.75korr in the vacuum chamber, a reducing gas is
introduced using pressure corled valves. Using pure hydrogen gas, a system pressure of
roughly 7.5€ Torr would provide roughly 10 times the required hydrogen molecules for the
reduction of a single powder layer assuming an oxygen content of 75 pphi&txygen in the
powder isassumed to only exist in the particle as a surface oxide as the solid solubility of oxygen
in copper is less than 2 ppm wt. Equation 1 shows the reduction reactiosgOoWEln hydrogen

gas to form metallic copper and®l

CwO +YsHo > 2Cu(s) + HO (1)

This reduction would begin to occur as the powder is spread across the heated surface of the
build. Reduction will continue to occur during the preheating step where quickly rastering the

unfocused electron beam will raise theface temperature of the powder bed to between 550
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600°C. Currently the preheating step takes ~30 seconds for a 40 um layer thickness. At these
temperatures, the diffusion rate of hydrogen in solid copper is roughly 5088 which
corresponds to aftlsion time of 30 milliseconds to the center of a 35 um diameter

particle. Literature shows that the rate of reduction of@significantly increases with

increasing temperature [1At temperatures exceeding 300°C, reduction aiGCshould begin
immediately and fully reduce in a short time sp&#pO created during the reduction reaction
would then be evacuated from the system as more hydrogen gas is added for continued

reduction.

5.2 Methodology

In order to determine the feasibility of reducing slueface oxides from a single layer of
powder, the onset and total reduction time at the suggested preheat temperature range of 550
600°C and hydrogen partial pressure needs further investigation. Utilizing a controlled
environment stage capable of sustagna low hydrogen partial pressure, high temperattrag/x
diffraction (XRD) will be used to determine the onset and total reduction tin@ gawders
with a d50 of 35 um.The powders will be heated to the desired temperature under a pure
nitrogen envirament to ensure no further oxidation or reduction occurs. A mix of 3% hydrogen
balanced nitrogen gas will be introduced once the temperature has stadbilizédte the
reduction processin order to determine when the copper oxide has been redusied|eaCuO
peak (111) will be continuously scanneekry 5 secondsFrom this data, a reduction rate of the
peak intensity as function of time can be experimentally determined.

For EB-PBFimplementation, a slight modification to the controlled vacuustesy will

be necessary. In order to ensure that the hydrogen atoms from the controlled vacuum are
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concentrated to the surface of the current build layer, the gas will be routed thrpegbrated

ring constructed from stainless steel tubing and suspesitly above the build surfac@he
controlled vacuum valve will be relocated from the rear of the Arcam system to one of three
additional feedthroughs located on top of the vacuum chamber which allows for direct line of
sight to the build surfacenitial testing to determine if reduction is occurring under normal

EBM processing conditions will consist pfeheating small pressed discs of pure copper powder
with oxygen contents around 500 ppm Wxygen and hydrogen contenttbe sintered powder

will be measure using inert gas fusion analysis as described earlier.

5.3 Resultsand Discussion

Initial results from thé00°C holdhigh temperature-xay studyare shown in Figure 1.

Figure 1: 2U as a function of time of the @D (111) peak at a holding temperature of 600°C in

a reducing atmosphere
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