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Due to their superior high-temperature thermomechanical capabilities, sput-
ter erosion durability, and excellent resistance to hydrogen isotopes, tungsten
materials have garnered significant interest in fusion nuclear applications.
However, low room-temperature ductility and complex machining strategies
present significant challenges for traditional fabrication. Electron beam
powder bed fusion (EB-PBF) shows promise in manufacturing pure tungsten
via high thermal energy input, elevated build temperature, and a tightly
controlled high-vacuum environment. This work explores the process, struc-
ture, and property relationship of pure tungsten fabricated by EB-PBF, where
99.8% relative density was achieved with reduced cracking by isolating the
build substrate and optimizing the print parameter suite. Optical and electron
imaging revealed that the microstructure contained equiaxed grains along the
build direction, with subgrains present in all inspected grains. Flexural test-
ing at ambient and elevated temperatures demonstrated high ductility at
900°C and flexural strength of 470 MPa at room temperature of additively

manufactured tungsten.

INTRODUCTION

Tungsten exhibits desirable properties for nuclear
fusion applications, including its low coefficient of
thermal expansion (4.5 x 10~ % K1), low sputtering
yield, high melting point (~3422°C), high thermal
conductivity (~108 W/mK in operation), and resis-
tance to hydrogen isotopes.'™ However, tungsten’s
high hardness and low ductility at room tempera-
ture present significant challenges for traditional
forming, milling, and joining processes.” This has
motivated extensive research in recent years to
explore alternative methods like spark plasma
sintering®” and additive manufacturing (AM) as a
potential substitute approach. The precise and
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complex geometries required for fusion reactor
components may be more easily achieved using
AM techniques, which allow for the layer-by-layer
buildup of the material without the need for com-
plex machining or assembly. Additionally, the layer-
wise building nature of additive manufacturing
provides the opportunity for in situ process moni-
toring, which can be used to detect defect formation
in real time and to inform future builds.® Conse-
quently, AM has emerged as a promising solution
for fabricating tungsten-based components.®!!

To date, laser powder-bed fusion (LPBF) of tung-
sten has received significant attention. However,
achieving dense tungsten material using this
method has proven challenging due to several
factors, including its high melting temperature,
high thermal conductivity, and low absorption at
the typical ~ 1 yum wavelength utilized in commer-
cial AM systems. These factors can result in
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incomplete melting and solidification, causing
defects such as porosity and incomplete fusion in
the final product.'??? Moreover, LPBF of W has
also been associated with a propensity for cracking
attributed to various causes.?® Several approaches
have aimed to mitigate cracking during LPBF, such
as the spheroidization of powder feedstocks,
increasing the substrate temperature above the
ductile to  brittle transition temperature
(DBTT),?%?* hot isostatic pressing,'®?® atmosphere
control,?® variations in scan strategy,?®?” and laser
surface remelting.?® Intergranular fracture is the
most common cause of failure in AM of W and is
partially attributable to the high ductile to brittle
transition temperature, which is dependent on
oxygen concentration and ranges from ~ 200°C to
600°C.?? The low ductility is related to a lack of
close-packed planes in its BCC structure, low dislo-
cation density, the difficulty of the dislocation slip
motion, and poor grain boundary cohesion, which is
exacerbated by the segregation of interstitial con-
tamination (e.g., O, C, H, N, K, P) during solidifi-
cation.?*% Also, Wang et al. reported that oxygen
contamination tended to complicate LPBF AM
processing and has two primary sources: the high
specific surface area of the intrinsically oxidized
powder and the LPBF processing chamber atmo-
sphere.?3 Increased the oxygen content was found to
modify the surface tension and viscosity of the melt
pool, which tended to favor balling over wetting
during melting, further contributing to the poor
quality of LPBF tungsten.?* However, cracks were
reduced but not eliminated, even when the oxygen
level was tightly controlled during the LPBF pro-
cess,?® suggesting that contamination may not be
the only factor affecting the crack formation.

Vrancken et al. used LPBF single-track melting
experiments in tungsten to identify that the beam
power and cracking distance have an inverse rela-
tionship.?® While it is intuitive that high power is
required to achieve a stable melt pool and thus high
density, the keyhole phenomenon may even worsen
the porosity with the increased energy inputs.?!
Crack frequency and pattern were related not only
to the energy density but also to the scan strategy
used.?® The right combination of printing parame-
ters helps to produce a denser tungsten part, but it
is still challenging to eliminate cracks by only
adjusting processing parameters.?” Several studies
on increasing the substrate temperature of LPBF
above DBTT have also been conducted.?*3%37 High
ambient temperatures during LPBF factor into
improvements in density, but they cannot address
the root cause to mitigate cracks alone.

While the reporting in the literature is sparse,
electron beam powder bed fusion (EB-PBF) has
shown promise in manufacturing tungsten. The
efficiency of the EB-PBF process is typically high
where the kinetic energy of the accelerated elec-
trons is transferred to the material and the inter-
action volume is in the order of a few microns. The

fast deflection capabilities of the beam facilitates
high processing and preheating speed of the powder
bed by repeatedly scanning a defocused beam at
high power and high velocity to raise the temper-
ature to ~ 1200-1800°C prior to the melting proce-
dure.?®3% Additionally, the vacuum environment is
attractive for tungsten to minimize the inherent
oxidation risk.*>*! The vacuum processing environ-
ment also eliminates convective heat losses, which
can be significant due to the high velocity shielding
gas associated with L-PBF.*?

Yang et al. investigated the processing parame-
ters for tungsten using EB-PBF, achieving an
optically measured relative density of 99.5% for
10 x 10 mm samples. In Yang’s study, the sub-
strate temperature was raised to 800-950°C, and
the resulting samples exhibited columnar crystal
structure, as well as intergranular cracking.*?
Wright studied the correlation of porosity with the
processing parameter of EB-PBF, achieving reduced
cracks and high density tungsten samples at the
elevated preheating temperature of 1000°C.**
Dorow-Gerspach et al. also reported a similarly
dense tungsten material, processed at an environ-
ment temperature of 1000°C, resulting in a colum-
nar grain structure. While micro-cracking was
observed, these samples were subjected to static
(10 MW/m?) and transient (105 pulses with
0.14 GW/m?) heat loads and showed comparable
performance with respect to conventionally pro-
cessed and recrystallized tungsten.?” A relative
density of > 98% was achieved by Ren et al. using
non-spherical powder with an ambient temperature
of 1150°C.*® In a precursor to the present study,
crack density was significantly lowered, and micro-
crack-free regions were observed when the pre-
heating temperature was elevated to 1500°C,
according to Ellis et al.*® The processing windows
of EB-PBF to produce highly dense, crack-free
tungsten material was further developed by Ledford
et al. increasing the ambient surface temperature to
1800°C, and observing a pronounced (001) to (111)
change in texture with decreasing beam speed and
current within the dense processing space.®

While most EB-PBF-related studies concentrate
on the high power density and elevated surface
temperature to produce the tungsten for fusion
energy application, a complementary method was
adopted in this work. A vacuum isolation layer
underneath the build substrate, which limits the
heat conduction through the substrate, is intro-
duced to stabilize the extremely high surface tem-
perature. A prismatic tungsten geometry was
manufactured using this setup and the parameters
adopted from a prior effort.”® Samples harvested
from the geometry were extracted and four point
flexural tests were conducted to compare the as-
fabricated AM samples and wrought tungsten at
room temperature and at an elevated temperature
of 900°C in the ambient atmosphere environment.



4096

EXPERIMENTAL
Powder Characteristics

Tungsten powder, produced by chemical synthe-
sis and then plasma spheroidized, was procured
from Tekna Advanced Materials (Quebec, Canada).
The powder particle size distribution was quantita-
tively analyzed using a Microtrac S3500 laser
diffraction particle analyzer following a wet method
protocol with ultrasonic agitation. The oxygen con-
tent of the original tungsten powder was measured
by inert gas fusion using LECO OH 836, referencing
the refractory alloy protocol (Method No. 203-821-
427). The bulk elemental composition was deter-
mined by glow discharge mass spectroscopy
(GDMS), via Eurofins EAG Laboratories, with no
indication of trace contaminants above the back-
ground. The raw powder material was stored in a
sealed, inert environment before each use.

Sample Fabrication

All the samples were manufactured using a
modified Arcam S12 electron beam melting sgstem.
A controlled chamber vacuum level of 10° mbar
was maintained through a controlled bleed of
Grade-VI purity helium into the chamber during
printing.*'*" A 40-mm-diameter by 5-mm-thick
pure tungsten sputtering target lid (Changsha
Advanced Engineering Materials) was utilized as
the build substrate. To reduce conductive heat
transfer through the build plate, it was placed on
a tungsten crucible to purposely create a vacuum
isolation layer. The cup was then placed in a 1-mm-
deep pocket machined molybdenum plate. This
assembly, illustrated in Fig. 1, was placed within
the AM build piston and surrounded with tungsten
powder, level with the top surface of the tungsten
sputtering target lid. The build substrate tempera-
ture and the subsequent powder bed surface tem-
perature were continually monitored with a two-
color high-temperature pyrometer (Fluke Endur-
ance E1R1) through a viewport. A target surface
temperature of 1800°C was selected for all the
printing processes in the present study, and main-
tained at the temperature for a minimum of 1h
prior to spreading the first powder layer.

The preheat and melt parameters were adopted
from Ti-6Al-4 V standard settings with the software
version 3.0.27 on the Arcam S12 machine, where
the preheat was used prior to each layer melting to
maintain 1800°C for the duration of the build. In
addition, the melting processing window was inves-
tigated by a prismatic trial printing, in which the
volumetric energy density was intentionally varied
from the bottom to the top until the full dense layer
was observed. The final melting parameters are
listed in Table I, where the relatively low beam
current, slow melt speed, and tight hatch spacing
were used to melt each layer to avoid significant
process defects and porosity.
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Fig. 1. Schematic of the build chamber and vacuum isolation setup
which maintaining the high bed surface temperature during the
electron beam powder bed fusion (EB-PBF) print process.

It is important to note that the control system of
the Arcam EB-PBF system constantly changes the
beam speed and the beam current, based on an open
loop feedforward control strategy optimized for Ti-
6Al-4 V to maintain a constant surface temperature
and melt pool size. While the parameters listed
above are necessary for the repeatability of the
study, they are not necessarily the speed and
current that the control system used for melting.
Therefore, the beam speed was directly tracked by
monitoring the beam position using the deflection
coil feedback voltage. Beam speeds were then
calculated from these positions, and the incident
beam current was recorded by measuring the high-
voltage command feedback signal. Additionally, an
in situ backscatter detector was used to collect in-
process images, which can be used to ascertain part
density. All the data were recorded at 500 kHz
following the methodology of Ledford et al.*® For the
precise replication of this experiment, please see
Table SI for the input parameter values of the
Arcam S12 machine (refer to online supplementary
material). The rectangular block measuring 15 mm
width x 32 mm length x 65 mm high was pro-
duced using these input parameters, as shown i in
Table 1.

Sample Characterization

Upon completion of the AM process and cooling
under vacuum, the rectangular block part was
retrieved from the chamber, and powder was man-
ually removed. The metallurgical and flexure
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Table I. Key EB-PBF melt and preheat parameters used to fabricate the flexural testing samples

Preheat parameters

Min beam current (mA) 20
Max beam current (mA) 48
Beam speed (mm/s) 14,600

Melt parameters

Beam current (mA) 10
Beam speed (mm/s) 300
Focus offset (mA) 10
Layer thickness (um) 70
Hatch spacing (um) 30

The values are developed from standard Ti-6Al-4V settings on the Arcam S12 machine based on software version 3.0.27.

Fig. 2. (a) Schematic of specimen dimensions (in millimeter) relative to the fixture spans, with the image of the mechanically prepared tungsten
specimen loaded into the fixtures: (b) based on ASTM C1161-18 configuration B, and (c) based on ASTM C1211-02 configuration B.

testing specimens were then extracted from the
block by wire electric discharge machining (EDM).
Flexure testing specimens measuring
45 x 4 x 3 mm geometry were harvested from the
printed samples in accordance with ASTM C1211-
02 size B specification, as shown in Fig. 2. As a
comparison, the hot-rolled tungsten plates procured
from Ed Fagan were harvested by EDM. All the
samples were then manually ground on each face
with 600-grit SiC paper to remove the recast layer.
The density of the specimens was measured by a gas
pycnometer. Metallurgical samples were prepared
by sectioning, mounting, and grinding with a polish
using 0.05 ym diamond solution and vibratory
polished with 0.02 um colloidal silica as the last
step. The necessary etching was conducted after
final polishing for 30 s with the etchant comprised
of 25% HF, 25% HNOj;, 25% Hy05, and 25%
deionized water. Microstructure analysis of the
testing samples was carried out using JEOL
6010LA scanning electron microscope (SEM) and
Keyence KX optical microscope. The electron
backscatter diffraction (EBSD) data were imaged
on an FEI Helios Hydra CX dual beam scanning
electron microscope.

Flexural Testing

The four-point flexural bending approach was
chosen due to the expected brittle failure mode at
room temperature and the induced tensile failure.
The flexural testing was conducted externally by
Touchstone Testing Laboratory. Both wrought and
AM tungsten flexure samples were tested at room
temperature (25°C) per ASTM (C1161-18 and at
elevated temperature (900°C) per ASTM C1211-02
on an MTS 810 load frame at a loading rate of
0.50 mm/min. The room-temperature specimens
were tested with a fully articulating bend fixture
(642.05A-01), and the high-temperature specimens
were tested with a fully articulating silicon carbide
fixture. Both tests had a 20 mm upper span and a
40 mm lower span, as depicted in Fig. 2. The high-
temperature samples were heated at a rate of
48.9°C/min with a 5 min soak time.

RESULTS
Powder Characteristics

Figure 3 shows the backscatter electron micro-
scopy of the as-received plasma-spheroidized tung-
sten powder. The 10th, 50th, and 90th percentiles of
the powder was measured at 57 um, 72 ym, and
98 um, respectively. The powder shows a generally
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spherical morphology with several particles that
appear to have hollow regions. The oxygen content
of the fresh powder was measured as
210.6 + 4.2 ppm (calculated from three consecutive
measurements). Table II shows the trace elemental
analysis by glow discharge mass spectroscopy where
the total solute impurities are less than 50 ppm
total. The elements chosen in Table II are based on
refractory elements first, then by the elements’
weight percentage over 0.1 ppm with all other trace
elements omitted.

As-fabricated Sample Characteristics
and Microstructure

The density of the printed specimens was mea-
sured by a gas pycnometer at 19.23 + 0.02 g/cm?,
which closely matches the nominal tungsten density
of 19.25 g/em?®, suggesting that the processing
parameters selected and incorporation of isolating
layer can produce an almost full dense tungsten
part with the relative density of 99.8%.

Optical micrographs of the X—Z and X-Y planes of
the sample after room-temperature flexural testing
and metallurgical etching are shown in Fig. 4, and
reveal the surface topology differences after etching,
with no clear crystallography texture, such as
columnar grains, reflected along the build direction
throughout the specimen. Sporadic cracks and pores
can be seen in the enlarged area images, where the
crack density was negligible compared to the sur-
face area of the specimens. The confocal micrograph
of unetched cross-sections from different specimens
can be seen in Figure S1 (refer to online supple-
mentary material).

Figure 5a shows SEM backscatter images which
also reveal an equiaxed microstructure in the AM
tungsten material, with the grain size in the range
of 10-100 ym. The enlarged area containing 10 to
20 um subgrains is depicted in the higher-magnifi-
cation image in Fig. 5b. This fine grain structure is
much smaller than the etched grains from Fig. 4,
which are in the range of 100—200 ym. The subgrain

Fig. 3. Backscatter electron microscopy of the as-received plasma-
spheroidized tungsten powder depicting spherical morphology.

Zhang, Carriere, Amoako, Rock, Thielk, Fletcher, and Horn

crystallographic orientations were revealed Dby
backscatter electron contrast and light etching from
the colloidal silica final polishing.

Figure 6a shows the EBSD map of the microstruc-
ture along the build direction (Y-Z plane), the data
presenting a mixed crystallographic texture in the
(111) and (101) orientations, which is commonly
reported in EB-PBF tungsten material,?**® while
Fig. 6¢c shows a dominant texture near the (111)
direction on the X-Y plane of the same sample.
Interestingly, the EBSD of the Y-Z plane shows a
mix of columnar and equiaxed grains, which is
different from the pure equiaxial microstructure
observed in Fig. 5. The EBSD data further indicate
that the ~ 10-uym size grains in Fig. 5 could be
subgrain structures within the larger grains, a
pattern which differs from recent reports on EB-
PBF tungsten.?®3%43-46 The preferential (111) grain
orientation matched the result obtained from Ellis’
study, which, however, showed epitaxial grains.®®
The microstructure difference between this study
and others might be the convoluted effect of low
cooling rate-induced columnar-to-equiaxed transi-
tion and dynamic recrystallization due to the ther-
mal stress.

Figure 6b and d exhibit the grain boundary
misorientation distribution map on the Y-Z and
X-Y planes, respectively. The measured fraction of
the low-angle grain boundary (1-15°) on both the Y-
Z and X-Y planes is over 95%, as presented by the
misorientation angle data chart in the figure. The
extremely high percentage of the low-angle grain
boundary further confirmed the ubiquitous appear-
ance of subgrains on both the build and transverse
directions. The high angle grain boundary on the Y—
Z plane demonstrates the appearance of a bimodal
distribution of columnar and equiaxed grain struc-
ture, and only equiaxed grains can be seen on the X—
Y plane. The correlation between the density of
high-angle grain boundaries and cracks in the AM
tungsten material was commonly observed in other
studies.*?24950 Purthermore, cracking was found
to have a higher tendency to form along the high-
angle grain boundaries, where the fracture helps to
relieve intergranular stresses.'’

Cracks in the as-fabricated solids were also
explored by examining the microcracking at a grain
boundary triple point. Figure 7a shows the EBSD
image quality of the intersection point of three large
equiaxed grains, where the intergranular cracks are
visible along all three grain boundaries, and fea-
tures suggest the presence of stresses during the
AM process. Voids are present along the boundaries,
possibly due to gas pore formation during melting
and are further pushed to the grain boundary
during the cooling process. The dark spots inside
the grains, and the accompanying streaks, are
residual contaminants on the sample surface. The
appearance of pores seems to facilitate the initiation
and propagation of the cracks, as some were found
initiating from the pores. The pore formation and
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Table II. The glow discharge mass spectroscopy (GDMS) result of W powder (ppm in wt.%), the selection
sequence is refractory elements first, followed by other elements > 0.1 ppm, while the oxygen content was
measured by inert gas fusion using LECO OH 836, referencing the refractory alloy protocol

W Ta Mo Hf Nb Fe Cr Ni Zn

0.06 12 11 0.47 0.18 210

Oxygen

Bal <5 2.7 0.04

Fig. 4. Large area optical micrograph in (a) X-build direction plane with (b) enlarged area with defects and (c) enlarged area without defects; (d)
optical micrograph in the X=Y plane of the etched flexural sample showing equiaxed microstructure. White arrows indicate the internal porosities,

and red arrows highlight microcracks.
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Fig. 5. Representative backscatter image of microstructure under

subgrains, and no obvious cracks along the build direction in the field of view.

cracking behavior in this work are consistent with
the observation of Wang et al.*® A distinct subgrain
structure, with cells on the order of 10 ym in size, is
visible in all grains, and an inverse pole figure of the
same region (Fig. 7b) enhances the visibility of the
subgrain structure and reveals localized misorien-
tation in the immediate vicinity of cracks. The
kernel average misorientation of this region (Fig. 7c)

shows local misorientation along the cracks as well
as the subgrain boundaries. To further enhance the
visibility of misorientations along grain boundary
cracks, in-grain misorientations have been shaded
relative to an arbitrary point near the center of each
grain (Fig. 7d). The resulting image depicts orien-
tations that differ from the grain center, with bright
colors (e.g., orange, yellow, white), while regions
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Fig. 6. (a) Electron backscatter diffraction (EBSD) micrograph with grain orientation intensity map and, inset, the inverse pole figure coloration
reference, and (b) the grain boundary misorientation distribution map with, inset, the number fraction data of the Y-Z cross-section from the as-
printed tungsten sample. (c) EBSD micrograph with grain orientation intensity map, and (d) grain boundary misorientation distribution map of the
X-Y cross-section from the same tungsten sample. The equiaxed microstructure with fine subgrains is obvious in both investigated X-Y and Y-Z

planes.

with similar orientations are darker shades of red or
black. The bright region, obvious within approxi-
mately 10 um thickness adjacent to the crack, is
possibly due to the released thermal stress along the
grain boundaries.?* This relative misorientation
color coding method further highlights the strain
concentration within the grain and next to the
cracks from the subgrain orientation perspective.
Such intergranular cracks were found to have a
very low density in our printed tungsten material
because over 99% of the area fraction of the cross-
section was crack-free, based on the image analysis.

Flexural Testing of EB-PBF Fabricated
Tungsten

A schematic of the flexural testing sample prepa-
ration and experiment setup is shown in Fig. 2.
Prepared AM tungsten and wrought tungsten spec-
imens were tested atmospherically at room temper-
ature and an elevated temperature of 900°C. The
comparison result of the stress—displacement curve
can be seen in Fig. 8a, and the relative optical
images of the tested samples are shown in Fig. 8b.

The stress—displacement curves in Fig. 8 demon-
strate the expected brittle behavior for AM and
wrought specimens at room temperature with a
linear increase in stress and subsequent failure at
the onset of plastic deformation. The AM tungsten
specimen cracked within the inner gauge section
and was completely fractured into two unequal
pieces. In contrast, the four-point bend testing was
immediately stopped when the crack was observed
on the wrought sample’s reverse side of the loading
contact point. This explains the apparently higher
flexural strength of the tungsten AM compared to
the wrought counterpart at room temperature. The
crack propagation on the wrought tungsten speci-
men shows that it is not a break-through fracture.

Ductile behavior was observed for both specimen
types at elevated temperatures, indicating that the
900°C test temperature exceeded the DBTT for both
samples, as intended. At the same time, the AM
specimen expressed a significantly lower yield and
ultimate strength than the wrought part. Both
specimens’ elongation exceeded the range of the
testing fixture without failure under the 0.5 mm/
min loading rate. The flexural test of the AM sample
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Build Direction

Fig. 7. (a) Image quality microscopy of the intergranular cracks and porosities observed along the grain boundaries in a grain intersection area,
with (b) inverse pole figure map, (c) kernel average misorientation map, and (d) shaded grain angle map showing the subgrain distribution and
misorientation within grains and adjacent to the cracks (color coding relative to an artificial orientation near the center of each grain).
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Fig. 8. (a) Stress—displacement curve of AM and wrought specimens tested at room temperature and 900°C, (b) the optical image after flexural
testing with the highlighted (red-dashed square box) crack location on each sample.

at elevated temperatures shows a linearly increas-
ing response after yield, which could result from
roller sliding when the sample’s elongation is
beyond the testing fixture’s limitation. The curva-
ture observed on the AM sample is most likely due
to the extended bending time, less rigid equiaxed
microstructure, and the contact roller sliding com-
pared to the texturized wrought counterpart. It is
important to highlight that, while in this case the

test was continued to observe the high ductility of
both sample types, the four-point flexure test is only
valid when deflections are small, so our analysis
only considers these data and ignores the regions
where deflections are high and complicated loading
conditions exist.

The yellow color obtained on both the elevated
temperature cases indicates that it is highly possi-
ble that the tungsten sample oxidized during the
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flexural testing in ambient environments at 900°C.
This coloration matched the observation of Habainy
et al.®! when pure tungsten was oxidized in differ-
ent atmospheres at 906°C. The oxide formation on
the surface and within the crack makes the crack
less discernable compared to the room-temperature
flexural samples. Some internal cracks and crack
propagation from the surface can still be observed
on the tension side of the AM tungsten bar tested at
elevated temperature. However, no obvious external
cracks were found on the wrought counterpart.
Figure 9a shows the side view of the fractured AM
specimen under the four-point flexure test at room
temperature in the ambient environment. The
fracture origin can be observed on the tensile side,
and the compression curl is on the opposite side
where the compression is located. The pattern is a
typical brittle fracture which can be classified as a
medium-high energy failure mode based on ASTM
C1161-18. Some porosity and porosity-induced
cracks can be observed on the polished surface of
the top compression side but are not apparent on
the tension side. The defects observed in this region
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are more likely to be the lack of fusion due to the low
beam energy other than gas pores formed along the
grain boundary. Figure 9b shows the fracture
surface of the broken bar presenting the tension
crack region and compression curl region. The
hackle lines and ridges help to locate the vicinity
of a fracture origin, highlighted by the red dashed
circle. Some coarse hackle lines (blue arrows) ema-
nating from this volume-distributed flaw gradually
pointed to the left side of the tension region, other
than the circular radiating pattern, which could be
due to the chain reaction of the crack and internal
defects like porosities. While Fig. 9c further resolves
the transition between the tension crack and the
compression failure, a high-resolution secondary
electron image of the crack origin location can be
seen in Fig. 9d. The cleavage of the grains is more
apparent on the tension side, and an obvious inter-
granular failure mode can be observed on the
compression side, separated by the yellow dashed
line. The size of the fracture origin and the under-
lying mechanism need to be further investigated to
get an in-depth understanding of the failure mode of

—— 3 Compression

Compression Curl

= 0% ey 0

2

A Cvrack propogation. 7 Fraéture origin

4 4 A ) PN R 9N ¥ v b
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= e 54 s D & rag

Crack origin
in tension side
= (internal flaw)

Fig. 9. (a) Schematic of the cracking from AM specimen four-point flexural testing at room temperature showing the fracture origin, propagation
direction, and compression curl; (b) optical microscopy of the fracture surface, with (c) SEM of the transition area between the tension and
compression failure, and (d) the internal defect-induced crack origin area. The red dashed circle represents the possible crack initiation location,
the blue arrow aligns with the main hackle lines originating from the initiation point, and the yellow dashed line is the boundary between the

tension and compression failure.
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Fig. 10. (a) Backscattered electron micrograph showing the
representative intergranular fracture inside the compression curl
region of the failed flexural specimen, and (b) crack formed at a
possible grain boundary triple point revealing cleavage fracture,
inter-granular fracture, and the equiaxed subgrain structure.

AM tungsten. They could be attributed to the
defects, like porosity and micro-cracks shown in
Fig. 7, generated during the EBM melting process.

Figure 10a displays the typical intergranular
fracture mode observed in the compression curl
region of the flexural testing tungsten specimen
produced by EBM. Equiaxed subgrain structures
can be seen in the horizontal and vertical fracture
planes. A higher-magnification backscattered elec-
tron micrograph in Fig. 10b depicts a possible grain
boundary joint point in which the cleavage facet,
intergranular crack, and subgrain microstructure
are all clearly revealed. This crack pattern is similar
to the misorientation analysis in Section “flexural
testing of eb-pbf fabricated tungsten,” suggesting
that inherent defects, like inter-granular pores and
micro-cracks, from the printing process are detri-
mental to the mechanical response of pure tungsten
material. The stress concentration in the lack-of-
fusion defects, gas entrapment pores, and micro-
cracks under flexural testing conditions caused the
crack initiation and quickly propagated through the
sample. It is also suggested that the flexural testing
result could be further improved by suppressing the
appearance of those internal flaws via optimizing
the print parameter suite.

DISCUSSION

Equiaxed Microstructure of As-fabricated
Samples

The primary reason for the equiaxed microstruc-
tures and reduced cracking in the sample could be
attributed to the combination of two factors: an
elevated surface temperature of over 1800°C and
the relatively small build area. These factors min-
imized intra- and inter-layer coolin§ as well as
radiative cooling. Numerous studies®!%***% have
indicated that the processing parameters are
directly related to the spatial and temporal thermal
signatures, affecting the part’s solidification, solid-
state transformation, residual stress evolution, and
distortion behavior. The EB-PBF has the capability
to control the local process parameters and deflec-
tion speed, enabling the researcher to efficiently
heat the powder bed to extremely high tempera-
tures, and to change the energy density to control
the microstructure on a certain area in a given
layer.?®

In order to maintain the bed surface temperature
stable at 1800°C, an isolation layer was introduced
underneath the build substrate to mitigate the heat
conduction loss during printing. The defocused
electron beam repeatedly scans the powder bed at
relatively high speeds and high beam currents. For
the nominal EB-PBF process, like the AM of Ti-6Al-
4V, the preheat temperature typically ranges from
800°C to 1000°C due to the different build setups. In
this research, however, the heating steps were
distributed throughout and between the melting
steps to maintain a constant heat flux through the
powder bed surface. The beam heating of the entire
powder bed was then repeated for each layer of the
AM process to reach the constant surface temper-
ature of 1800°C. This cyclic reheating maintains a
stable high surface temperature, which may help to
transform the columnar to equiaxed grain structure
via decreasing the cooling rate of material under-
neath the interest area and reducing the thermal
gradient along the build direction. For alloys, the
columnar—equiaxial-transition (CET) typically
occurs when the nucleation of numerous equiaxed
dendrites takes place in the constitutionally under-
cooled liquid adjacent to the columnar dendritic
front.’*=°° The columnar grains are generally coarse
and characterized by anisotropic mechanical prop-
erties, while the equiaxed grains are usually small
and with isotropic performance. Fine equiaxed
grains can enhance the material properties, such
as improving ductility and reducing solidification
cracking.”” Efforts have been made to quantita-
tively predict the CET for various alloys, where a
low thermal gradient (G) and solidification rate (R)
ratio favors the formation of equiaxed morphology
instead of columnar grains in general.’*%° The CET
is occasionally reported in AM due to the thermal
gradients in the AM process. In EB-PBF, grain
orientation and texture modification have been
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reported by tuning the thermal gradient and condi-
tion locally.®=%% In our work, it is possible that
constitutional supercooling does not fully explain
the mix of equiaxed and columnar grains due to the
99.9% purity of tungsten. However, one complicat-
ing factor is the presence of 210 ppm oxygen
content, making it unclear if a local variation of
oxygen content would influence the supercooling
condition which could partially result in CET.
Frigola et al. observed the nearly equiaxed grain
structure when a 99.8% low-purity powder or
reused 99.9% high—puritz powder was utilized for
the EB-PBF of copper.®® A similar near-equiaxed
grain structure, which appears at a certain build
height with relatively high beam power and beam
speed, was reported by Guschlbauer et al. when
producing high-purity 99.95% copper components.®®
Prithwish used the numerical model to predict the
CET of a Cu-O system, and the equiaxed
microstructure was reached by changing the process
parameters and feedstock composition of the EB-
PBF-processed pure copper.®® However, none of
those studies explained the formation mechanism
of the equiaxed grain structure in terms of nucle-
ation and grain growth under the influence of high
oxygen content.

Besides the high bed temperature, the hatch
spacing of 30 yum used in this work is relatively
low compared with other studies, normally report-
ing a 300 um hatch distance and about 250 ym full-
width-half-maximum electron beam. Therefore,
approximately nine out of ten area fractions of the
previously deposited track were remelted during
one scan pass. Ellis et al. determined that each
point of the tungsten material was remelted approx-
imately 14 times, compared with only 2 times for
other existing studies, using a similar hatch spacing
of 32.5 um.?® Remelting the previously deposited
material more than once was found to positively
mitigate crack formation but was still insufficient to
suppress it entirely.?® On the other hand, the
effective local temperature before, during, and after
melting is likely considerably higher than the target
1800°C with the appearance of a vacuum isolation
layer. So, the cooling rate and temperature gradient
in this work are likely lower than the traditional
AM process which report CET and thermal stress
relief under certain conditions.

The tight hatch spacing may also cause residual
thermal stress accumulated from the repeated
thermal cycle, and has been reported as the driving
force for the recrystallization of AM components.
The plastic deformation imposed by repeated ther-
mal stresses increases the dislocation density,
where additional strains drive dislocations to form
cell-like structures, and continued deformation
results in the misorientation of the cell structures.®”
This mechanism is similar to dynamic recrystalliza-
tion (DRX) during traditional hot working, and has
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been studied in the microstructure evolution of
molybdenum during hot compression.®® This mech-
anism is also observed in the electron beam welding
process of tungsten,® and the electron beam float-
ing zone melting treatment of single crystal tung-
sten.’ A similar subgrain structure inside
columnar molybdenum grains fabricated by EB-
PBF was reported by Fernandez-Zelaia et al.,’* and
a lack of subgrain misorientation was observed
possibly due to the early onset stage of DRX. Witzen
et al.”” also observed a similar cell-like dislocation
pattern, which suggests that DRX occurred, in
tantalum material manufactured by laser PBF. In
a recent study of tungsten-fabricated EB-PBF
subgrain misorientation behavior was apparent,gé
including a pronounced “texture switch” from (001)
to (111) with decreasing beam speed and current.
Additionally, equiaxed low-angle subgrains within a
columnar microstructure and a high dislocation
density were also reported. The different orienta-
tions of cell-like subgrains observed along the build
direction in this study are consistent with the
presented result in our study and support DRX.
Our high and maintained preheat temperature and
“effective” cooling rate may exhibit a totally differ-
ent grain morphology and size distribution com-
pared to other AM tungsten reports.

The appearance of equiaxed parent grains and
low-angle grain boundary cell-like subgrains are
most likely the result of a combination of processes
including the very high fabrication temperatures,
the low cooling rate-induced CET, and strain-in-
duced DRX with an onset of polygonization and
grain growth. The resulting grain structure
obtained in this work suggests that the suppressed
cracking formation of the tungsten material, with
an equiaxial grain structure along the build direc-
tion, can be produced under certain controlled
circumstances.

Flexural Testing Analysis

It is crucial to acknowledge that Fig. 8 could
potentially exhibit statistical scatter in the results
due to the limited sample quantities used. There-
fore, it would be premature to draw any definitive
conclusions about the relative performance of the
AM tungsten specimen and the wrought specimen.
This is because flexural strength testing, being a
non-deterministic quantity, is subject to variations
between individual specimens. In order to qualita-
tively assess which material exhibits greater robust-
ness under flexural testing, it would be necessary to
conduct further experiments.

The testing standard used in this work was
initially designed for the flexural testing of brittle
materials, so it may not be a perfect candidate for
testing ductile materials when elongation is over a
particular range. On the other hand, to get a direct
comparison between the flexural strength under
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ambient and elevated temperatures, a consistent
loading rate of 0.5 mm/min was used for all the
tests. However, the testing rate should be chosen
such that the time to failure was controlled within
10-30 s (ASTM C1211-18). Another standard of the
four-point flexural test (ASTM D6272-17) also states
that the test should be discontinued when the
maximum strain in the tension side of the specimen
reaches the threshold value and still no breaks
occur. Nevertheless, this testing method is notewor-
thy due to its simplicity of high-temperature setup,
less aggressive sample preparation, and clear dif-
ferentiation between ductile and brittle response
regimes. It represents a promising approach for
investigating the thermal-mechanical behavior of
AM tungsten and determining the DBTT. It is
worth noting that there are few published reports
on the tensile properties of AM tungsten, and those
that do exist are not easily comparable due to
differences in sample size, quantity, and experi-
mental setup. A bending strength of 318 + 52 MPa
with less than 0.1 mm displacement was measured
during the three-point bend testing of the
2 x 2 x 25 mm EB-PBF tungsten samples by
Wright.** He reported that the poor mechanical
behavior compared with rolled tungsten was attrib-
uted to large pores in the samples and residual
stress imparted during the process. Another study
using laser PBF-fabricated tungsten tensile testing
bars exhibited almost no ductility and extremely
low tensile strength (30-40 MPa) at test tempera-
tures up to 500°C, due to the micro-cracks gener-
ated during fabrication and the high DBTT of
tungsten.”® Subscale and larger-scale miniature
tensile testing were conducted by Ledford et al.*
following the SSJ3 method, in the temperature
range of 650—-800°C, in both longitudinal and trans-
verse orientations. The reported tensile property
was closer to recrystallized tungsten wires, whereas
the elongation was closer to wrought tungsten, but
the result is highly anisotropic owing to the domi-
nant columnar texture. For instance, the tensile
strength of miniature samples fabricated from the
transverse orientation and tested at 800°C were
around 120 MPa with 0.12 mm maximum strain.
On the other hand, the bending strength of the
near-equiaxed grains fabricated in this study and
tested at 900°C was approximately 200 MPa at a
similar displacement and nearly no break-through
happened after 0.3 mm displacement.

To some extent, the four-point flexural testing
introduced in this work could be used as a baseline
for a quantified and comparable mechanical test
procedure for future reference to study the brittle
and ductile behavior of tungsten materials. More
steps between room temperature and 900°C, espe-
cially in the reported 300-600°C DBTT range,
would be beneficial to test the DBTT behavior of
AM tungsten but are not the focus of this work.

CONCLUSION

This investigation has explored the correlation
between the fabrication process, microstructure,
and properties of pure tungsten generated via
electron beam powder bed fusion (EB-PBF). The
parameter space was considered, and the build
substrate was isolated, leading to a relative density
of 99.8% with minimal cracking. Microstructural
characterization was carried out using imaging and
electron backscatter diffraction (EBSD), revealing
the presence of equiaxed grains and subgrains in
the build and transverse directions. Furthermore,
flexural testing was performed at both ambient and
elevated temperatures. The following conclusions
can be drawn:

1. To maintain a constant bed temperature of
1800°C during the EB-PBF tungsten, an isola-
tion vacuum layer was implemented. This
resulted in the production of high-density
(99.8%) pure tungsten parts, which were mostly
free of cracks, with only a few isolated instances
of cracking observed.

2. A mix of columnar and equiaxial grain struc-

tures close to the (111) and (001) orientations
along with the build direction was observed in
the as-fabricated part, which is distinctive from
the dominant columnar textures from other AM-
W publications.

3. Low-angle grain boundary cell-like subgrains

were ubiquitous within the parent grains, no
matter columnar or equiaxed shape, probably
due to the columnar-to-equiaxed transition and
dynamic recrystallization processes. The extre-
mely high bed temperatures, possibly over
1800°C, and decreased cooling rate caused by
substrate isolation and unique melting param-
eters like tight hatch spacing are the most likely
contributing factors.

4. The printed tungsten block was sectioned into

individual specimens for flexural bend testing at
room temperature and the elevated temperature
of 900°C, compared with the hot-rolled tungsten
counterpart. The brittle behavior at room tem-
perature and ductile behavior at 900°C were
observed in both AM and wrought tungsten. The
flexural strength of 470 MPa at room tempera-
ture was measured and the high ductility, more
than 3 mm displacement, at 90°C was demon-
strated by the EB-PBF tungsten. The linear
response of the stress—displacement curve be-
yond a certain point in the elevated temperature
testing case is possibly due to the testing system
limitations, but still straightforward and easy
enough to identify the DBTT of pure tungsten
material.

5. This method is beneficial to investigate the

brittle and ductile behavior of tungsten material
with a standardized procedure, more straight-
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forward sample preparation, and experiment
setup compared with conventional tensile test-
ing.
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