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ARTICLE INFO ABSTRACT
Keywords: Pure tungsten is one of the promising candidate materials for plasma facing components (PFC) of future fusion
Additive manufacturing reactors due to several favourable properties including its high melting point, high thermal conductivity, high

Electron beam powder-bed-fusion
Spot melting
Pure tungsten

strength, high sputtering resistivity and low coefficient of thermal expansion. Increasing geometric complexity
and productivity of tungsten PFC is of interest to improve thermal performance and availability for new toka-
Hot isostatic pressing maks with a view to future steady state plasma operation. Additive manufacturing (AM) by the electron beam
Microstructure powder-bed-fusion process (EB-PBF) is identified as a potential technology to address these requirements. In this
Crystallographic orientation paper we reviewed the literature in EB-PBF of unalloyed tungsten to understand the role that the manufacturing
parameters have in the microstructure and mechanical performance of as-printed specimens. We present targeted
key research in tungsten EB-PBF process development using a modulated point melting method, post-AM hot
isostatic pressing (HIP) treatment, destructive and non-destructive evaluation, microstructure control, and in-
process monitoring. It was found that the modulated point melting method reduces cleavage cracking and
crack nucleation points while elevated temperature HIP treatment improves the repeatability of the tensile
behaviour, while mechanically healing process induced defects like solid-state cracks and nanopores.

1. Introduction high strength and hardness, and excellent mechanical properties at
elevated temperatures. Further, W offers high resistance against sput-

Tungsten (W) is a refractory metal with extraordinary resistance to tering, low tritium retention in fusion environments, and better neutron
heat and wear. It has the highest melting temperature of all known irradiation performance compared to other high melting refractory
metals in pure form (3420 °C), high density, high thermal conductivity, metals [1]. Due to its material properties, W has numerous applications
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ranging from medical to transport, energy, defence, and other industry
sectors [2]. However, there are still some drawbacks limiting practical
use of W-based materials such as low oxidation resistance, low ductility
at room temperature (RT) and high ductile-to-brittle transition tem-
perature (DBTT) [1].

In the fusion reactor, in-vessel plasma facing materials (PFMs) are
used in the divertor and breeder blanket [3], with W considered as one
of the most promising PFMs for high heat flux applications [4]. Full W
divertors consisting of Monoblock units are being designed and installed
in existing and new tokamaks with a view to future steady state plasma
operation [5,6]. Further, conceptual designs for future liquid-metal
divertors are being considered with additively manufactured W capil-
lary porous systems (CPS) which may offer improved performance
compared to the conventional W Monoblock concept [7,8].

Electron beam powder-bed-fusion (EB-PBF) is an additive
manufacturing (AM) technology that is increasingly attracting academic
and industry attention, in part due to its high-temperature capability for
processing difficult materials such as W and W-based alloys [9]. It is
currently considered the most viable AM technology for manufacturing
W components with acceptable strength. Other AM technologies inves-
tigated for W components include laser powder-bed-fusion (L-PBF),
laser directed-energy-deposition (L-DED), and powder extrusion print-
ing (PEP) [10,11]. However, these typically offer reduced mechanical
performance for W printed parts compared to EB-PBF technology. Due to
EB-PBF process characteristics, this technology has increasingly been
investigated for producing functional W parts with complex geometries
for high heat flux applications since thermo-mechanical properties of W
EB-PBF material have shown comparable performance to those of ITER
grade tungsten [12,13].

The present work investigates the state-of-the-art in W EB-PBF pro-
cess development to understand the effect of manufacturing parameters
in the microstructure and mechanical performance of this material.
Process conditions with novel melting strategies are explored to control
microstructure and cracking. Post-AM hot isostatic pressing (HIP)
treatment is investigated to elucidate its role in reducing process
induced defects in the printed parts, and its effect in mechanical per-
formance and microstructure. It is concluded that point melting method
can reduce crack nucleation points whilst HIP treatment can mechani-
cally heal cracks. This was achieved by spot melting reducing crack
nucleation points in boundaries of grains with different orientation
angle and around regions of {111} crystallographic orientation, while
increasing surface area of {001} orientation where cracks are passivated
and mechanically healed by HIP treatment. For the body centred cubic
(BCC) W-lattice, which is typically closely packed along the (111) di-
rections, larger surface area oriented in {001} is expected to promote
gradual transition from elastic to plastic behaviour and higher work
hardening [14]. Increased work hardening capacity and reduced hard-
ness was achieved with increasing HIP temperature, which is desired to
improve material ductility, a key concern for long-term structural
integrity of future tungsten based divertor concepts [15].

Nanohole formation on tungsten surfaces exposed to plasmas is a
critical, undesirable plasma-material interaction (PMI) mechanism that
can promote nanostructured fuzz layers [16,17] which ultimately
generate tungsten dust that contaminates the plasma. The EB-PBF
melting strategies and process parameters investigated in the present
work were observed to promote (001) crystallographic orientation
across the process layers and along the build direction in the printed
parts. This offers great potential to improve the PMI performance in EB-
PBF W plasma facing components (PFCs) as tungsten surfaces with
predominantly (001) orientation can reduce nanohole density and size
under helium plasma exposure [18]. On the other hand, spot melting
was observed to develop controlled localised regions with (111) orien-
tation. This offers potential to tailor local crystallographic orientation by
developing advanced spot melting strategies to improve local resistance
to irradiation-induced damage like embrittlement and hardening after
helium implantation [15,19,20].
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It is known that thermal conductivity of EB-PBF W material can
match that of rolled W [13] and [13] is further increased by elevated
temperature HIP treatment [21] while leveraging higher geometric
complexity [13,22]. It is suggested to consider HIP-treated EB-PBF W
material for development of new PFC designs in applications where
strength is a viable compromise that can be reduced to improve geo-
metric complexity and crystallographic orientation control, e.g., to
improve thermal and PMI performance of conventional W Monoblock
designs [23].

The structure of the paper is composed by four main sections
including background, experimental methodology, results and discus-
sion, and conclusions. The ‘background’ section presents the state-of-
the-art in EB-PBF process development and compares the mechanical
performance and microstructure of EB-PBF W specimens reported in the
literature. The ‘results and discussion’ section is presented in different
sub-sections investigating mechanical properties and its relationship
with the microstructure of test specimens; characteristics of internal
defects by means of destructive and non-destructive evaluation
methods; and the effect of varying EB-PBF parameters and melting
strategies in the microstructure and cracking control.

2. Background
2.1. EB-PBF process development

In the last decade, EB-PBF machine development driven by original
equipment manufacturers have seen remarkable growth as many new
companies entered the market offering unique system advantages [24].
EB-PBF process development led by key research organisations around
the world has improved the quality and performance of AM W material
for potential fusion applications [12,22,25,26,27,28,29,30,31].Howev-
er, most of the published research has been conducted in different var-
iations of one single commercial system. New machine developments
from different commercial EB-PBF platforms have the potential to offer
different capabilities that can assist W processing. As shown in [24],
each machine available in the market has different technical charac-
teristic and offers special advantages that have not been fully investi-
gated in the literature. The present work investigates some of these
special advantages using the Freemelt platform.

Table 1 shows examples of EB-PBF process parameters developed by
different research organisations to produce tungsten parts with minimal
porosity and reduced cracking. It is known that different parameters and
manufacturing conditions produce parts with different microstructure
and mechanical properties.

2.2. Mechanical performance and microstructure

NIN [25] and PKU [29] conducted compressive testing in EB-PBF W
parts. Both observed typical columnar grain structures that form along
the build direction. NIN reported columnar grain widths ranging from
50 to 100 pm, whilst PKU reported columnar grain width up to 320 pm.
Typically, finer microstructures are desired to improve strength [32].
However, the coarser microstructure by PKU showed higher compres-
sive strength.

Coarser microstructures indicate reduced residual stress build-up
during the printing process [33]. It is suggested that grain size in EB-
PBF W specimens has positive correlation with compressive strength-
strain performance due to reduced residual stress formation. For
instance, the main processing difference between NIN and PKU is the
preheating temperature and the use of different baseplate materials,
namely: W and SS 316, respectively (see Table 1). Higher preheating
temperature is expected to reduce thermal gradients, in turn reducing
residual stress build-up in the EB-PBF melting process [34]. On the other
hand, substrates with lower yield can reduce residual stresses as thermal
shrinkage is compensated by the substrate plastic deformation [33].
Preheating temperature of 1150 °C and the use of SS 316 substrate are
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Table 1
Optimised EB-PBF melting parameters reported in the literature for additive manufacturing of pure W components.
NIN (2019) TUOS (2020) IEK (2021) ORNL (2021) PKU (2022) ORNL (2023) NCSU (2023) KIT (2024)

Preheating temperature (°C) 800-950 1000 1000 1500 1150 1800 1800 1000
Baseplate material w SS Steel Ti-6Al-4 V SS 316 w w -
Layer thickness (um) 50 30 50 70 50 70 ° 70 50
Hatch offset (um) 50 250 100 33 100 30 30 100°
Beam current (mA) 16 8 - 21 15 12 10 14
Voltage (kV) 60 50 - 60 ° 60 60 - -
Beam power (W) 960 400 900 1260" 900 720 — —
Focus offset (mA) — 10 — 40 — — 10 10
Spot size (um) 200 - 300 - 250 - — -
Beam speed (mm/s) 100 130 180 456 180 359 300 225
Line energy density (J/mm) 9.6 3.1 5.0 2.8 5.0 2.0 — -
Areal energy density (J/mm?) 192 12.3 50.0 83.7 50.0 66.9 - -
Volumetric energy density (J/mm®) 3840 410 1000 1196 1000 955 - -

@ Values taken from work by the same authors in [28] and [27].
b Derived from the product of beam current and voltage.
¢ Value assumed from previous work by the authors in [12].

expected to reduce thermal gradients, cooling rates and residual stresses
in the specimens produced by PKU, in comparison with those produced
by NIN which used only 800-900 °C preheating temperature and a
tungsten substrate. Note: tungsten material theoretically exhibits ther-
mal conductivity and yield strength of 170 W/meK and 750 MPa,
respectively, compared to 16.3 W/meK and 205 MPa for SS 316.

ORNL [22] and KIT [13] investigated the tensile performance of EB-
PBF W specimens under inert and vacuum conditions, respectively. They
conducted elevated-temperature tensile testing of specimens printed in
longitudinal and transverse directions relative to the build direction. As
expected, both observed high anisotropy in the tensile performance, due
to a characteristic columnar grain structure that is formed along the
build direction. KIT explained that sample preparation through wire
electrical discharge machining (wire-EDM) can cause external damage
to the test specimen, introducing apparent porosity and cracking across
the whole sectioned surface. They suggested that the samples must be
carefully prepared prior tensile testing by grinding, mechanical polish-
ing, and subsequent electrochemical polishing. Such careful sample
preparation process is expected to improve the mechanical performance
by reducing defects at the sectioned surface, which may explain the
outstanding tensile strain of about 80 % achieved by KIT.

It is known that wire-EDM process causes cracking in the sectioned
faces of single crystal tungsten, particularly along {001} planes [14]. In
the present research, the damage caused by wire-EDM cutting process
during preparation of EB-PBF W samples is investigated. It is demon-
strated that wire-EDM significantly degrades the quality of EB-PBF W
parts, which show {001} orientation predominance. This damage is
expected to cause premature failure and reduce mechanical
performance.

ORNL reported higher tensile strength in transverse specimens (i.e.,
printed horizontally) in comparison to the KIT experiments. From
Table 1, it is noted that ORNL used smaller hatch offset (distance be-
tween raster-scan tracks), which is known to reduce local thermal gra-
dients, cooling rates, and residual stresses [27]. Additionally, ORNL
almost doubled the preheating temperature which is expected to further
reduce residual stress formation. This can explain the coarser micro-
structure observed in ORNL specimens (note: KIT reported columnar
grain width ranging from 50 to 100 ym, while ORNL show micrographs
where columnar grain widths can be measured in the range of about
100-300 pm [22]). It is thought that lower residual stress formation in
the ORNL samples resulted in higher tensile strength in comparison with
the KIT results.

It is known that cooling rates and grain size have negative correlation
[35]. Finer microstructures are associated with higher cooling rates and
higher residual stress build-up in EB-PBF W material. From comparing
results reported in the literature, it is concluded that EB-PBF parameters
that develop coarser microstructures have the potential to improve the

compressive and tensile strength of as-manufactured EB-PBF W speci-
mens [13,22,25,29]. It is thought that such improvement is mainly due
to lower residual stress formation during the printing process.

It must be noted that post-AM thermal treatments or HIP treatments
and their effect on the mechanical performance of EB-PBF W parts have
not been investigated before. Typically, HIP treatment is used in other
AM materials to improve the tensile elongation while subsequent heat
treatment is needed to increase the tensile strength [36]. The present
work investigates the effect of HIP treatment alone in the tensile per-
formance of EB-PBF W specimens. A post-AM grain coarsening effect is
observed with increasing HIP temperature, which describes a change in
the tensile deformation behaviour.

Finally, KIT demonstrated that tensile specimens printed horizon-
tally (with the tensile load pulling in transverse direction relative to the
build direction) have higher DBTT than specimens printed vertically
(with tensile load longitudinal to the build direction) [13,40]. This is in
part due to high tensile residual stresses that promote cracking in con-
ventional raster scanning methods [37]. As cracks grow transversally
across the raster scanning vectors [38,39], the tensile performance of
horizontal specimens (which have the tensile load direction parallel to
the direction of scanning vectors) is reduced in comparison with vertical
specimens.

It is concluded that new EB-PBF melting strategies are needed to
reduce thermal gradients and cooling rates typically developed in con-
ventional raster-scanning melting methods. This can help reduce
anisotropy in the mechanical performance by reducing crack formation
and crack propagation in both transverse and longitudinal planes rela-
tive to the build direction. The present work investigates EB-PBF process
development using spot melting Pixelmelt® technology to address
typical processing challenges currently limiting AM of unalloyed tung-
sten. Different process parameters and melting strategies are researched
to understand their effect on the microstructure and mechanical per-
formance of AM parts. Finally, the effect of HIP treatment is investigated
as potential post-AM process to mitigate EB-PBF process induced de-
fects, close solid-state cracks, and improve repeatability.

3. Experimental methodology
3.1. Tungsten powder characteristics

Plasma spherodised pure tungsten powder from 6 K Additive with

Table 2
Chemical composition of W powder.
Element Cr Fe Mo Ni (0] Ta w
Wt. % <0.01 0.01 <0.01 0.01 0.008 <0.01 Bal. (~99.9)
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particle size distribution of 45-106 um was used in the present research.
The chemical composition is presented in Table 2.

3.2. EB-PBF process and fabrication of test specimens

A Freemelt One system was used to investigate three different EB-
PBF melting strategies using Pixelmelt® technology. These are
denominated raster scanning (RS), high-power/high-speed raster scan-
ning (HP/HS-RS), and single directional shifted-point heating strategy
(SDS-PH). The SDS-PH beam path is equivalent to that shown for the
“Point Heat Source Fill” strategy described in [40]. SDS-PH is used here
applying a beam adjustment sequence at each point as described in [41].
The need for such beam modulation is to affect the heating/cooling rates
at each point to lower the local thermal gradient. The idea of the SDS-PH
strategy is to investigate the potential of a modulated point heating
method to control grain growth and cracking. Fig. 1 shows example of
the beam modulation method used in SDS-PH strategy.

Process parameters were developed for the different melting strate-
gies to minimise porosity at the core of the part. Development of contour
parameters (i.e., applied at border regions in the part) is out of scope in
the present research.

Multiple builds were completed to produce parts for the different
melting strategies. Four parts were printed per build and one single
strategy was used on each build. Tungsten baseplates were used for all
strategies. To mitigate radiative cooling effect, the melting order of the
parts in consecutive layers follows a circular rolling order 1:2:3:4::
2:3:4:1:: 3:4:1:2:: 4:1:2:3:: 1:2:3:4 and so on. Table 3 shows the process
parameters used for each melting strategy.

Four EB-PBF bars were produced with dimensions 15 x 15 x 85 mm
using RS parameters. After removing the bars from the baseplate, HIP
treatment was applied to three bars at 150 MPa and 4 h dwell time, and
one bar was kept in the as-printed condition with no HIP-treatment
applied. Each HIP-treated bar was processed separately using different
HIP temperatures: 1400 °C, 1600 °C, and 1800 °C, respectively. Mini-
aturised dog-bone tensile specimens with dimensions of about 25 x 5 x
1 mm were extracted at bottom and top regions from the EB-PBF RS bars
using wire-EDM process. Tensile specimens extracted from bottom and
top regions were denominated batch 1 (bl) and batch 2 (b2), respec-
tively. Wire-EDM was also used to extract 1 x 1 x 76 mm matchstick
samples and 10 x 10 x 10 mm cubes for XCT scanning and profilometry-
based indentation plastometry (PIP), respectively. One additional bar
was printed in a separate build using the same RS parameters, and cross-
sectioned using disk cutting process to compare against specimens
sectioned by wire-EDM process.

To investigate the microstructure of different melting strategies, four
EB-PBF bars were produced using HP/HS-RS strategy in one build, and
four using SDS-PH strategy in a separate build. These were HIP-treated
at three different temperatures, and one sample was kept in the as-
printed condition for each build. Same HIP parameters were used as
with the RS bars. The bars were sectioned using wire-EDM and disk
cutting processes.
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Table 3
EB-PBF process parameters investigated for the different melting strategies.
RS HP/HS-RS SDS-PH
Beam power 900 W 2000 W 1200 W
Beam speed 150 mm/s 1200 mm/s -
Dwell time - - 3500 ps
Spot size 270 ym 270 ym 270 pm
Scan strategy Hatching with Hatching with Spot
unidirectional lines unidirectional lines melting
Line offset 100 p m 100 um -
Point spacing — 225 um
Layer thickness 75 um 75 um 75 pum
Scan rotation 90° 90° 90°
Process 1000 °C 1200 °C 1200 °C
temperature

3.3. Material characterisation

EB-PBF W specimens were sectioned using wire-EDM and abrasive
sectioning methods for comparison. Optical, Scanning Electron (SEM)
and electron backscatter diffraction (EBSD) microscopy were used to
investigate microstructure. Abrasive sectioning was achieved using
equipment (Struers Secotom-50) and a Struers MOD15 diamond cut-off
blade. Once sectioned, the samples were hot mounted in Struers Duro-
Fast thermosetting epoxy. Surface preparation was achieved by
following the steps in Table 4, then thoroughly cleaning with water and
isopropanol, and completely drying. For samples undergoing EBSD, they
were broken out of the hot mount and attached to a 5 mm x 12.5 mm
diameter mounting stub with silver electrodag.

For creation of light micrograph mosaics, the entire surface of each
prepared and mounted sample was imaged as a series of individual
micrographs using an Olympus Bx51 light microscope equipped with a
Clemex Vision PE image analysis system and software. The software
ImageJ was then used to correct these micrographs for uneven back-
ground illumination, stitch them together into a mosaic, and enhance
the brightness and contrast. Relative densities were calculated
measuring porosity by pixel count from micrograph mosaics of the entire
surface of the samples using ImageJ software.

For SEM/EBSD/X-EDS investigation, the prepared and mounted
samples were then investigated using a JEOL JSM-7900F Schottky Field
Emission Scanning Electron Microscope. This system allows Secondary
Electron (SE) Imaging and subsequent concurrent collection of EBSD
crystal structure and EDS elemental identification data. Maps were
performed at several magnifications and a variety of locations around
the centre and edges of the samples to attempt to capture features of
interest. The software was asked to detect the body-centred-cubic o
phase of tungsten and some of the more common tungsten oxides (WO3,
W02, W18049, W10029) using inbuilt pre-set data on the structure of
those phases. The composition of the samples is nominally pure tung-
sten, since it was processed under vacuum, but the possibility for trace
contamination of oxygen and/or carbon exists, so the software was set to
detect these elements (W, O, C). No contamination was observed.

wpat sire
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Fig. 1. Beam adjustment sequence used in the SDS-PH strategy. The electron beam spot size changes from a defocused spot (DS) to a focused spot (FS) and vice versa,
as a step function over time. This is applied on each spot in the SDS-PH beam path [41].



M. Zavala-Arredondo et al.

Nuclear Materials and Energy 45 (2025) 102011

Table 4
Details of the metallographic preparation route.
Step Surface Abrasive Platen Speed Head Speed (rpm) Comp/contra Lubricant Force (N) Time (min) Quantity
1 SiC Foil P800 250 50 Comp Water 25 1:00/sheet x6
2 SiC Foil P1200 250 50 Comp Water 25 1:00/sheet x5
3 SiC Foil P2500 250 50 Comp Water 25 1:00/sheet x5
4 Struers MD-Dac 3 um Metprep Diamet Susp. 180 60 Contra N/A 25 10:00 x1
5 Struers MD-Dac 1 ym Metprep Diamet Susp. 150 60 Contra N/A 25 7:30 x1
6 Struers MD-Chem 0.04 um OP-US colloidal silica 150 60 Contra N/A 35 5:00 x1

3.4. EB-PBF process monitoring and XCT scanning

Backscatter electron (BSE) imaging was used as process monitoring
technique in EB-PBF builds. BSE images were captured layer by layer
during the printing process. Porosity in EB-PBF layers was measured
from BSE images by pixel count using ImageJ software. X-ray computed
tomography (XCT) was used to scan W matchstick specimens at 1.89 ym
voxel resolution, with ultimate spatial resolution of about 3 ym. Around
17 scans were used to cover the full 76 mm length of these specimens.
Scans were carried out using a diondo d5 system (diondo GmHb, Ger-
many). The X-ray source energy and current were set to 290 kVp and 40
pA, respectively, and a 0.5 mm thick Sn pre-filtration of the x-ray beam
was used to mitigate beam hardening artefacts. The source to object and
source to detector distances were set to 9.5 mm and 700 mm, respec-
tively. Tomographic reconstruction was carried out using filtered back-
projection implemented via the Siemens CERA toolbox (Siemens
Healthineers AG, Germany).

3.5. Mechanical testing

Only samples produced by conventional raster scanning (RS) method
were used for mechanical testing. The samples were tested in the as-cut
condition, after wire-EDM cutting. The metallographic preparation
route described in Table 4 could not be applied to the tensile specimens.
Therefore, any damage caused by the wire-EDM process could not be
removed.

Tensile testing was conducted at room temperature and at 550 °C.
Digital image correlation (DIC) was used to determine sample gauge
extension to generate stress-strain curve. The experimental setup con-
sisted of a 10kN Instron universal test machine equipped with an envi-
ronmental chamber (Severn Thermal Solutions Ltd, UK) capable of
reaching a maximum operating temperature of 600 °C. An Inconel
sheathed heating element heated the chamber, which was separated
from the inner chamber by a stainless-steel baffle. A PID temperature
controller (Eurotherm, UK) and a K-type thermocouple mounted in front
of the baffle controlled the chamber temperature. A fan circulated hot
air in the chamber for uniform heating. An additional K-type thermo-
couple was fed through the instrument port at the top of the chamber
and affixed to the grips of the tensile test sample as means of monitoring
the bulk material temperature. To facilitate calibration of the stereo
camera setup through the door window, the chamber featured a fully
detachable lift-off door. The door was supported by a constant spring
attached to the machine columns. The chamber was mounted on the
guide rails of a trolley, allowing it to be moved rearwards away from the
sample space. This enabled calibration to be performed through the door
window with the door in place.

A stereo-camera setup from LaVision GmbH was used for measuring
sample displacements over the sample gauge section during tensile
loading, which consisted of a pair of 12-bit digital cameras with a CMOS
sensor of 2056 x 2464 pixels, fitted with 200 mm Nikon macro lenses.
The cameras were mounted on a tripod at a stand-off distance of 45 mm
in front of the chamber window providing an effective spatial resolution
of 145 pixels/mm. An LED light array (GSVitec GmbH) was used for
illumination, configured to trigger in-sync with the camera image cap-
ture. To minimize specular reflections from the chamber window, LED

array was covered with a linear polarising film and circular polarisers
were mounted onto the camera lenses. Photograph of the experimental
setup is provided in Fig. 2 and parameters for the stereo-DIC setup and
image correlation are provided in Table 5.

Elevated temperature PIP (ET-PIP) was used to evaluate performance
of different EB-PBF W specimens relative to each other. The PIP method
is based on iterative Finite Element Model Updating (FEMU) simulation
of the indentation process, converging on a best-fit set of parameter
values in a constitutive law describing the stress-strain relationship
[42]. Indents were made at 550 °C using the PLX-HotStage setup.
Heating to 550 °C took around 5 min, and a soak time of 3 min at 550 °C
was used to allow for temperature stabilisation. Prior to indentation, the
indented surfaces were prepared to a 1 pm polished surface finish. It
should be noted that this degree of surface preparation is higher than is
typically required for an accurate PIP test which only requires a P1200
grind. However, polishing to a mirror finish has the advantage of
allowing examination of the microstructure surrounding an indent. This
microstructure can provide insight into the deformation processes
occurring during indentation, as well as giving an indication of grain
size and any sample anisotropy. Indenters of 1 mm and 0.5 mm radius
were used for samples exhibiting grains of about 600 um (e.g., HIP-1800
samples) and 200 um (e.g., NH and HIP-1600 samples) respectively.
Three samples were successfully tested to derive full nominal stress—
strain curves up to the point of necking.

4. Results and discussion
4.1. In-process monitoring

Back scatter electron imaging (BSE), also known as electron optical
imaging (ELO), was used to monitor the build process [43]. BSE was

effectively used to predict part quality by conducting non-destructive
evaluation (NDE) of % porosity layer by layer in the core region of the

Fig. 2. Experimental setup for measuring sample gauge displacements during
tensile testing using digital image correlation technique.
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Table 5
Details of stereo-DIC setup and correlation parameters.

Stereo-DIC setup details

Cameras 12 bit, 2056 x 2464 pixels?

Lens focal length 200 mm

Stereo angle 13°

Field of view 14.1 x 17.51 mm?
Scale 145.33 px/mm

Image correlation details

Software DaVis 10.2.1 (LaVision GmbH)
Subset size 45 px
Subset spacing 10 px
Shape function Affine

Image interpolant
Correlation criterion

Bicubic polynomial
Zero-normalised sum of square differences

part. A porous region was identified with layers transitioning from
support structures to fully dense bulk material. Fig. 3 shows example of
% porosity area with BSE images for illustration. The porosity of BSE
images was compared with relative density measured by optical analysis
from cross-section micrographs. A difference in the range of about 0.1 %
to 0.2 % was obtained which suggests that 0 % porosity measured in BSE
images can be used to estimate relative density in the range of about
99.8 % to 99.9 % in the as printed part. Cracking could not be captured
by BSE imaging due in part to low BSE resolution relative to crack di-
mensions and because cracking predominantly occurs during the
cooling-down process when the temperature decreases below the DBTT.
Since the EB-PBF process, ambient temperature is set to >1000 °C,
decreasing temperature below the DBTT only happens after the printing
process is complete, and layer-by-layer BSE imaging is no longer
possible. However, BSE is demonstrated as valuable NDE tool that can be
used to quantify process-induced defect population and layer-by-layer
repeatability throughout the printing process, particularly relevant for

Support sEruckurees
Larpers 1 - 80

% porosity ranging om 18.5-0.1 %in
the transtomn layer

Transition lavers
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qualification of EB-PBF W components.

4.2. Effect of wire-EDM process

Wire-EDM damage was investigated by comparing two EB-PBF W
specimens manufactured with the same printing parameters but cut
using different sectioning methods. Fig. 4 shows cross-sections of a) a
specimen sectioned by wire-EDM process and b) a specimen abrasively
sectioned using diamond cut-off wheel disk cutting method. The speci-
mens underwent the same metallographic preparation route (see
Table 4). This showed that a layer of material with significant damage
was created by the wire-EDM cutting process. It is thought that the
apparent porosity is caused by pullout of cracked/fractured pieces from
the structure. It is known that wire-EDM cutting produces a heat affected
zone and recast layer where the material is melted by the cutting wire
[44], and it is thought that the rapid cooling rate causes the tungsten to
crack, inducing profuse cracking along the grain boundaries. With other
metals (e.g., Ni, Ti, etc.) this recast layer is removed during standard
sample preparation. However, for tungsten it is possible that either the
wire-EDM damaged layer is thicker (extending as far as 100 ym or more
[14]) or that less material is removed during sample preparation so that
it remains visible. Removing the damage with electrochemical means is
difficult due to contamination with the brass cutting wire. Alternatively,
waterjet sectioning is proposed in combination with electrochemical
polishing to avoid formation of critical defects in the cut section, as
demonstrated in [14]. To remove the damaged layer and observe the
true condition of the material, the samples were put through a second
complete cycle of sample preparation, repeating steps 1-6 shown in
Table 4. Fig. 4 shows example of (c) a damaged layer after 1 preparation
cycle, and (d) the same sample after conducting a second preparation
cycle. For samples sectioned by wire-EDM and diamond cut-off wheel,
contour or subsurface porosity and lack of fusion are observed in Fig. 4a
and b. Core and contour EB-PBF process parameters typically use
different beam power and beam speed ratings to minimise porosity and

Printed pan

Solind gy
Laevs 48 - 540

% peorodity rEnging Mham 0,02 - 000 %
i the solid part

Fig. 3. Backscatter electron (BSE) images taken layer by layer during the EB-PBF process showing examples of (a) support structures, (b) transition layers, and (c)
layers where the part exhibits full density. % porosity was measured by pixel count using ImageJ software.



M. Zavala-Arredondo et al. Nuclear Materials and Energy 45 (2025) 102011

@) Sacionsd by wiie-EDM b Sectonaed by diamond cut-of wiheal

oSG poi ety

#

-
H'EII..-I-d dirsction ! rmm

-

(2] Wire-EDMwaih T-cycle ssmple preparation ()

1 -
& b L

Wire-EDM with 2 -cycles sample prepamban

. N

B dingsthah @

Fig. 4. Optical micrograph mosaics of samples manufactured with RS process parameters (see Table 3). The images show the effect of (a) wire-EDM process on the
surface of the sample, in comparison with (b) abrasive sectioning by diamond cut-off wheel. In (a) and (b) the samples underwent the same metallographic prep-
aration. One sample sectioned by Wire-EDM process is shown which underwent two subsequent preparation cycles. Optical micrographs were taken after (c) the first
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and (d) second preparation cycles, respectively.

lack of fusion at the different regions in the part [45]. Contour process
parameters are out of the scope in the present research. Therefore,
contour or subsurface defects are expected. The area of interest in the
present investigation is the core of the part, where relative densities of
about 99.93 % and 99.82 % were achieved in the transverse (XY-plane)
and longitudinal (XZ-plane) sections relative to the build direction
respectively.

Fig. 5 shows XCT images of a 1 mm x 1 mm x 76 mm matchstick
specimen from which all 6 faces — top, bottom and side faces — were cut
by wire-EDM process. Matchstick specimens were XCT-scanned from top
to bottom. Top and bottom faces illustrate severe damage with evenly
distributed cracking, whilst side faces show regions of pulled-out ma-
terial denominated “apparent porosity”, and external cracks that pene-
trate the core. These were induced and aggravated by wire-EDM process
as the intensive electrical spark between the wire electrode and the
sample causes damage to the sectioned surface and subsurface [46].

It is shown that the wire-EDM sectioning process can significantly
damage external faces (e.g., bottom, sides, and top in Fig. 5), increasing
the risk for potential formation of crack nucleation points at the surface.
The XCT data was interrogated to estimate the depth of the wire-EDM
damage. It was found that evenly distributed cracking characteristic of
the wire-EDM process, can penetrate as deep as around 100 pm or more

into the part, from the wire-EDM cut surface.

As external cracks penetrate the sample, the increased defect density
decreases the material fracture toughness [47]. It is concluded that wire-
EDM can significantly weaken EB-PBF W specimens during the sample
preparation process, which significantly complicates mechanical eval-
uation of this material.

4.3. Effect of HIP temperature on crack size and void percentage — XCT
evaluation

XCT scanning was used to evaluate EB-PBF process induced defects
and the effect of HIP treatment with increasing HIP temperature. Fig. 6
shows typical transverse cracks in the XY plane (i.e., transverse to the
build direction) for a) the as-printed No-HIP, and b) the HIP-1800
condition. Representative cracks observed at core regions (denomi-
nated “closed “cracks) identified in both samples are depicted in Fig. 6.
Open cracks that reach the side faces are not considered since these are
predominantly caused or aggravated by the wire-EDM sectioning pro-
cess. It was found that crack clusters (multi-branch cracks) with long
individual cracks measuring about 230-385 um in XY length, are
developed in the as-printed condition, whilst shorter individual cracks of
about 121 um-long are observed in the HIP-1800 condition. XCT scan

Middle - Core

Build direction &

Fig. 5. XCT images taken at (a) bottom face, (b) centre, and (c) top face of a matchstick sample, extracted from a bar printed using RS parameters. Wire-EDM-induced
cracking and apparent porosity are shown at (a) bottom, (a-c) side, and (c) top faces of the sample. Black and white arrows show wire-EDM induced cracks and pores,
respectively. (b) Example of closed and open cracks are shown at the core of the matchstick sample. Closed crack cluster in b shows example of solid-state cracking
that form during solidification at the core of the part. Open cracks shown in the side faces and profuse cracking shown at bottom and top faces are external cracks that
were induced or aggravated by the wire-EDM process. These cracks penetrate the core about 100 pm deep or more. BD indicates build direction.
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(a) NH (b) HIP-1800
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Fig. 6. XCT image of two RS samples with (a) No-HIP and (b) HIP-1800
treatment conditions. Typical cracks observed at the centre of matchstick
samples are shown for the different conditions. The tables show the number of
cracks and crack length for each condition. Crack lengths in XY plane are
measured by pixel count using ImageJ software. Build direction is in z.

data was interrogated to calculate the crack length in the build direction,
or XZ-crack length. This was done by counting the number of frames
from the first frame where the crack appeared, to the last frame were the
crack closed. The multi-branch crack in the NH specimen was observed
along 240 frames, while the smaller single-branch crack of the HIP-1800
sample was observed only along 20 frames. That is, XZ-crack lengths of
about 525 um in as-printed parts, can be reduced to about 75 um after
HIP-1800 treatment. This indicates that HIP-1800 treatment can be used
to passivate and mechanically heal crack clusters transverse to the build
direction (i.e., in the XY-plane) and reduce XZ-crack length in the build
direction by about 45 % and 85 %, respectively. Similar behaviour was
observed in HIP-1800 L-PBF W reported in the literature, where surface
cracks were healed by HIP-1800 treatment, significantly improving
thermal conductivity [21]. Reduced solid-state cracking in both XY and
XZ planes is expected to reduce variability in the tensile stress—strain
performance of HIP-treated samples in comparison with the as printed
NH condition. This is investigated in the following section.

The role of HIP treatment in healing process induced defects and
solid-state cracking was investigated by interrogating XCT data for the
different matchstick samples. XCT data from a 20 mm-length section was
extracted from the mid-height of each 76 mm-long matchstick for image
processing and quantitative analysis. Fig. 7a presents XCT images of all
samples showing all the cracks, pores, lack of fusion, and edges scanned
across the volume of the samples, projected on one single plane. Two
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orthogonal planes are shown for each sample in Fig. 7a. Fig. 7b shows
void % measured for the different samples, which includes cracks, pores,
and lack of fusion defects. To remove false positives, a filter was applied
to look only at voids with dimension >0.002 mm?. This was used to
ignore smaller features which were predominantly ring artifacts or
‘noise’ acquired due to XCT scanning of dense tungsten material. An
error bar is added, reflecting the maximum variation observed when
repeating the same void segmentation three times in the volume with
the highest void content (as-built coupon).

The HIP-treated samples show significant decrease of void % in
comparison with the as-printed condition, with HIP-1800 showing the
highest part density. A few lack-of-fusion defects were observed in HIP-
1600 sample, which were not observed in other HIP-treated samples. It
is suggested that these defects were formed during the printing process
as previously described. However, more work is needed to investigate
the cause of localised lack-of-fusion defects in the HIP-1600 bar
specimen.

Solid-state cracks that form at the core of the part developed after
finishing the EB-PBF process, when the samples cooled-down below the
DBTT [27]. It is evident in Fig. 7 that HIP treatment reduces the quantity
of solid-state cracking as cracks are passivated and mechanically healed
by the HIP-treatment process [21]. This is more pronounced at the
highest HIP temperature of 1800 °C.

4.4. Mechanical testing of specimens produced using conventional raster-
scanning melting strategy

4.4.1. Effect of HIP treatment on room temperature tensile testing

The effect of HIP treatment was investigated in RS specimens to
understand its role in the RT tensile performance. Fig. 8 shows RT tensile
test results for different HIP conditions. Some tensile specimens failed
prematurely due to critical damage introduced during the sample
preparation process, which caused premature cleavage fracture due to
high notch sensitivity [14]. Fig. 8a shows data points of successful tests
for specimens of different batches and HIP-treatment conditions. Linear
trends are shown, which exhibit high fit-to-the-data in all samples with
coefficient of determination R> > 0.9, where R? = 1 indicates that the
trend can be perfectly explained without error. These were used to
investigate the effect of HIP temperature in the RT tensile stress—strain
behaviour.

Trends with higher repeatability were observed in all HIP-treated
conditions. This is explained in terms of crystallographic orientation,
dislocation density and process induced defects as they influence the
stress—strain performance. For instance, the beam power and beam
speed used in the RS parameters are known to develop tungsten
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NH HIP-1400 HIP-1600 HIP-1800

Fig. 7. (a) XCT images of as-printed and HIP-treated EB-PBF W matchstick specimens showing all the cracks and edges scanned across the volume of the samples,
projected on one single plane. Two orthogonal planes are shown per sample. (b) Void percentage measured from all XCT specimens, which includes cracks, pores, and
lack-of-fusion defects. A filter was applied to look only at voids with dimension >0.002 mm?® to remove false positives and ignore smaller features which were
predominantly ring artifacts or ‘noise’ acquired due to XCT scanning of dense tungsten material. All samples were printed using RS parameters.
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Fig. 8. (a) Stress-strain results from room temperature tensile tests measured using DIC. Different data points show the results from all the RS samples that were
succesfully tested. Linear trends are shown for each sample. (b) Average linear trends up to median stress values calculated from the data points shown in a, for each
HIP condition. The slope of the lines, which is associated with the Elastic Modulus, is reduced as HIP temperature increases. All samples were printed using

RS parameters.

microstructures with fibre grains predominantly oriented in (111) and
(001) [22]. From the stress-strain performance of single-crystal tung-
sten [14,53], it is known that tungsten crystals oriented in [001] show
higher strain hardening (i.e., curves with a low slope) while crystals
oriented in [111] exhibit more pronounced yield point (curves with a
high slope) [14,48,49]. The as-printed RS samples show stress—strain
curves with significant variation in the slope of the line, which indicate
different stress—strain behaviour. It is hypothesised that this is caused by
a combination of a) varying fraction of (111) and (001) crystallographic
orientations and b) higher dislocation density with higher population of
defects, which increase the scatter in as-printed RS specimens. It is
thought that increased microcracking between pores in the NH speci-
mens promote changes in the elastic modulus throughout the test, which
is expected to further increase the scatter.

Since HIP-treatment reduces dislocation density and population of
micro-pores and cracks [21,50], the repeatability of the stress—strain
curve is expected to improve. This was observed in all HIP conditions as
they show lower variation in the stress-strain behaviour.

Unexpectedly, lower stress-strain performance was observed in HIP-

—e—Grain width

1600 samples, with higher variability compared with the other HIP
conditions. It is thought that radiative cooling caused this anomaly by
increasing defect population in this sample during the printing process.
However, it is not clear as to why this happened considering the rolling
order used. More work is needed to understand if the HIP-1600 lower
performance was caused by anomalies during the HIP or EB-PBF process.

No significant variation was observed between batches b1l and b2 for
any of the samples. This demonstrates uniform performance along the
sample height, which indicates good thermal stability in the build
direction.

Average linear trends are plotted up to median stress values in
Fig. 8b. It is shown that the slope of the lines m, which is associated with
the Elastic Modulus, reduces significantly as the HIP temperature is
increased. Stiffer materials are described by higher Modulus, or higher
m.

Fig. 9 plots average m values for the different HIP conditions against
average grain width measured from tensile specimens. It must be noted
that higher scatter in the stress—strain data shown in Fig. 8a may indicate
increased microcracking, which is expected to induce constant changes
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Fig. 9. Average grain width and slope of the line m of linear stress—strain trends for all HIP conditions. Trends of increasing grain width and decreasing m is observed
with increasing HIP temperature. Error bars indicate the standard deviation of grain width measurements and m values calculated for each sample. Error bars in m
indicate the variability of the stress—strain behaviour from tensile test results shown in Fig. 10a. Smaller error bars suggest higher repeatability of the stress—strain
performance. All samples were printed using RS parameters. A dashed orange line indicates the Modulus of elasticity of tungsten taken from [51]. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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in the Elastic Modulus throughout the test, in turn affecting average ‘m’
values. The Modulus of elasticity for conventional tungsten is 407.78
GPa [51]. This is used as reference to compare with the m data points in
Fig. 9.

The slope variation observed in Fig. 8b is correlated with a grain
coarsening trend, which is illustrated in Fig. 9. It is shown that m de-
creases with increasing grain width, indicating lower stiffness in coarser
microstructures as HIP temperature is increased. It is noted that HIP-
1400 and HIP-1600 reduce stiffness while maintaining relatively fine
grain width of about <300 pym. On the other hand, extremely large
grains are formed in the HIP-1800 sample further reducing stiffness. A
critical m value is identified at the HIP-1800 sample, which describes an
extremely coarse microstructure.

In Fig. 9, the error bars in m indicate the variability of the stress—
strain behaviour. Larger variability indicates lower mechanical stability.
In general, the mechanical stability increases with increasing HIP tem-
perature. As it is shown in Fig. 8, the as-printed samples exhibit the
highest strength. However, as Fig. 9 indicates, they also exhibit the
highest variability. On the other hand, HIP-1800 treatment improves the
mechanical stability at the expense of extreme grain growth. More work
is needed to develop optimal HIP parameters to find the best compro-
mise between strength, grain size, and mechanical stability.

Vickers hardness tests were carried out to further investigate the
varying stiffness behaviour. As expected, decreasing hardness was
observed with increasing HIP temperature as No-HIP, HIP-1600, and
HIP-1800 samples showed hardness of 393 + 1 HV, 363 + 10 HV, and
352 + 5 HV, respectively. This explains the trend of decreasing stiffness
observed in Fig. 9. Elevated temperature tensile testing is needed to
further investigate the effect of varying grain size and elastic modulus in
the stress—strain behaviour of ductile EB-PBF W specimens.

4.4.2. Elevated temperature PIP testing

Elevated temperature (ET) profilometry-based indentation plas-
tometry (PIP) has been used before to provide outcomes that are in close
agreement with those from tensile testing, concerning UTS, yield stress
and work hardening [52]. ET-PIP was conducted here at 550 °C to
investigate the relative performance between different HIP conditions.
Two HIP-1800 specimens were tensile tested at the same temperature of
550 °C to obtain average results and compare against the corresponding
PIP-tested sample.

Fig. 10 shows ET tensile and PIP-derived results. Premature failure
occurred during ET-tensile testing due to out-of-plane displacement and
wire-EDM-induced damage as previously described. However, ductile
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fracture was observed at this temperature, which enables comparison
against the ET-PIP-derived performance of the HIP-1800 specimen.
Good agreement was obtained between the PIP-derived yield stress (61
+ 16 MPa) and that obtained through ET-tensile testing (59 MPa).

PIP-derived UTS and yield strength can be used for relative com-
parison between the different HIP conditions investigated: PIP-derived
UTS gradually reduces with increasing HIP temperature, while the
PIP-derived yield strength reduces dramatically at the critical HIP
temperature of 1800 °C, when excessive grain coarsening takes place. It
is argued that PIP-derived yield strength can be used to differentiate
performance of samples that exhibit significantly different grain size and
stiffness.

It is known that HIP treatment gradually reduces Yield while
increasing ductility in additively manufactured materials [53]. It is
concluded that ET-PIP can be used as effective, low-cost testing method
to support development of post-AM HIP treatment parameters. For
instance, once EB-PBF parameters are developed for near-full density W
parts, HIP temperature, pressure, and dwell time can be varied to
develop a post-AM HIP-treatment process that maximises ductility while
avoiding dramatic drop in the yield strength due to excessive grain
coarsening. ET-PIP could be used to quickly assess PIP-derived yield
strength to test a wider range of HIP-treated specimens for development
of optimal HIP parameters.

Since the tensile sample fractured prior to necking, the UTS at frac-
ture determined from the tensile test is significantly lower than the PIP-
derived UTS which corresponds to the UTS at necking. Therefore, the
two values are more difficult to compare. More ET-tensile testing is
needed to evaluate the error magnitude of PIP-derived UTS results.

4.5. Investigating alternative melting strategies for microstructure control

In the previous section it was shown that higher crack density and
larger crack length reduce the mechanical stability of EB-PBF tungsten
parts. As these cracks are mechanically healed, the scatter of stress—
strain curves is reduced. In this section, different melting strategies are
investigated using higher preheating temperature to reduce residual
stresses and mitigate cracking in the as-printed condition. HIP-treatment
is then used to investigate its effect on the new as-printed
microstructures.

4.5.1. Grain size and microstructure of as-printed parts produced by HP/
HS-RS and SDS-PH strategies
Raster scanning method with high beam power and high beam speed

Lol

HIP- 1600

HIP-1800
{PIP)

HEP-TE00
Tensile)

HIP treatment
(testing method)

Yiedd stress
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Fig. 10. Elevated temperature (550 °C) PIP-inferred and tensile strength results of EB-PBF W specimens printed with RS process parameters (see Table 3). All

samples were printed using RS parameters.
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(HP/HS-RS), and single directional shifted point heating source strategy
(SDS-PH) were investigated for grain growth and cracking control. Beam
power and beam speed are known to control grain size in PBF processes
[54], and SDS-PH was demonstrated in [40] to control the microstruc-
ture of EB-PBF material. HP/HS-RS and SDS-PH tungsten samples were
investigated and are shown against conventional raster scanning (RS)
method for comparison.

It must be noted that HP/HS-RS and SDS-PH were developed using
preheating temperature of 1200 °C, which is 200 °C higher than that
used in the conventional RS strategy (See Table 3). This was used to
mitigate larger thermal gradients expected as result of increasing beam
power. High power necessitates high beam speed. At low velocities,
there is sufficient time for heat to travel in the transverse direction
during the melting process, increasing the local temperature which
effectively serves as additional localised preheating. However, at high
velocities this is greatly reduced, and additional local preheating is not
possible. Therefore, higher substrate temperature is needed during the
preheating process. Due to similar thermal gradient considerations,
higher preheat temperature was used for both HP/HS-RS and SDS-PH.

HP/HS-RS was developed here for high productivity and high energy
efficiency achieving a build rate of 5.45 cm®/h and an energy con-
sumption of 0.36 kWh/cm?. In comparison to results obtained in [12],
HP/HS-RS was 2.7 times faster and consumed 64 % less energy, whilst
still achieving core relative densities of 99.62 % and 99.79 % in the XY
and XZ planes respectively. SDS-PH was developed to reduce thermal
gradients and cooling rates to control cracking, while achieving relative
densities of about 99.8 % for both XY and XZ planes.

Fig. 11 shows the microstructure of (a, d) HP/HS-RS, (b, e) RS, and
(c, f) SDS-PH samples in (a—c) XY and (d-f) XZ planes. Dark and light
regions observed in optical micrographs indicate grains with different
crystallographic orientation. This observation is further detailed in the
following sections. In Fig. 11b, the XY plane of the RS sample shows
evenly distributed grain orientation like that reported in [13], while HP/
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HS-RS and SDS-PH show stronger texture. This is in line with the pro-
cessing map in [22] showing the fraction of fibre grains with varying
beam parameters presented as higher beam power and higher beam
speed promote stronger textures with predominantly (001) fibre grains
in the build direction.

Fig. 11c shows SDS-PH square brick-shape texture due to the use of
spot melting method. Since individual spots are melted separately
following the single directional shifted order, they develop static melt
pools (in contrast with the typical dynamic melt pools of conventional
RS methods) that create a ‘square brick’ texture during solidification.
Melt pool widths of about 270 pum can be measured from ‘square bricks’
in SDS-PH sample (see Fig. 11c) showing similar size to those of about
300 p m-wide reported in the literature [22]. As wider melt pools are
associated with reduced porosity [22] and fewer cracks [55], SDS-PH
shows potential for reducing such process induced defects.

In the XZ plane, HP/HS-RS and SDS-PH show straight long columnar
grains that grow along the entire sample height, whereas RS develops
discontinuous columns undulating in the build direction that appear to
break and merge. Wider columnar grains are evident in the SDS-PH
sample, which indicates lower cooling rates and lower residual
stresses. It is expected that different microstructures produced by
different EB-PBF process parameters and different melting methods
result in different mechanical performance. Pixelmelt® technology, an
open code software, can be used to assign specific heating strategies in
localised regions in the part to tailor microstructures and mechanical
properties. In the present research, two different melting strategies are
investigated separately to understand their effect on grain growth and
cracking behaviour. Combined or more complex melting methods can be
investigated in future work to further control microstructure and mini-
mise cracking.

Fig. 12 shows columnar grain width for each build strategy (HP/HS-
RS, RS, and SDS-PH). Micrographs of all melting strategies are inserted
to illustrate columnar grains, and “sub-grains” defined by periodic
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Fig. 11. Optical micrographs of (a, d) HP/HS-RS, (b, e) RS, and (c, f) SDS-PH specimens in (a-c) XY and (d-f) XZ planes.
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505 FH

Fig. 12. Average columnar grain width measured from HP/HS-RS, RS, and SDS-PH specimens. Micrographs are shown which illustrate typical columnar grain
structures for the different melting strategies. Grains and sub-grains are defined by periodic cracking caused by the wire-EDM sectioning process.

cracking in grain boundaries due to wire-EDM damage [14]. For SDS-
PH, “sub-grains” describe same orientation across multiple columnar
grains, while RS structures exhibit columnar grains with different
orientation. It is known that grain boundaries with twist misorientation
can form cracks when the angle of misorientation is more than about
8-10 degrees [56]. Dislocation mechanisms in tungsten often introduce
weak boundaries and voids can easily nucleate at high angles of
misorientation [57]. Reducing angles of misorientation is desired to
control dislocation mechanisms and minimise cracking. It is argued that
typical RS strategies induce higher angles of misorientation promoting
crack nucleation in grain boundaries, possibly due to higher thermal
gradients and cooling rates [58]. On the other hand, SDS-PH seems to
promote uniform orientation which shows higher potential to reduce
void nucleation and mitigate solid-state cracking.

It is shown in Fig. 12 that columnar grain width increases with
varying melting strategy from HP/HS-RS to RS and SDS-PH respectively.
Coarser microstructure of SDS-PH results from lower residual stress
build-up as thermal gradients are controlled by use of point melting
strategy, offering higher control of the process thermal distribution. For
HP/HS-RS, finer microstructure is indication of higher residual stress
build-up as high beam speeds are known to increase thermal gradients
and cooling rates in PBF processes [59].

4.5.2. Nanopore formation in as-printed material and mitigation through
HIP-treatment

Nanopore formation at grain boundaries is known to serve as crack
nucleation points in AM W [27]. Nanopores can also affect the thermal
properties in AM W components as they reduce the thermal diffusivity
[60] of the printed parts as explained in [61]. HIP treatment was applied
to HP/HS-RS and SDS-PH samples to investigate its potential to ‘heal’ or
close such defects. Optical images in Fig. 13 show nanopores in the HP/
HS-RS and SDS-PH samples for all HIP conditions. It is shown that
nanopore formation at grain boundaries can be reduced with increasing
HIP temperature for both HP/HS-RS and SDS-PH samples. Grains that
were harder to polish were observed in all samples, which are depicted
as rough dark regions in optical micrographs. These are denominated as
‘rough’ grains for simplicity.

4.5.3. Texture observations from optical images

Fig. 14 shows examples of XY and XZ optical micrographs of (a and
b) HP/HS-RS and (c and d) SDS-PH samples. HP/HS-RS shows higher
contrast between XY and XZ planes with significantly larger regions of
rough grains in the XZ plane. Higher fraction of rough grains in the build
direction, and smooth grains transverse to the build direction indicate
high anisotropy in this material due to extremely strong texture. In
contrast, SDS-PH shows more uniformly distributed grains of varying

NH (as-printed) HIP-1400 HIP-1600 HIP-1800
HP/HSRS
I I r'r.:'r— I
100um 100pum 100pm 100pm
SDSPH
100pm 100pm 100pm 100pm

Build direction ®

Fig. 13. XY micrographs of HP/HS-RS and SDS-PH specimens with varying HIP-treatment condition. Black arrows indicate nanopore segregationin grain boundaries.

Nanopore segregation reduced with increasing HIP temperature.
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Fig. 14. Example of XY and XZ micrographs for HP/HS-RS and SDS-PH spec-
imens. Dark regions indicate “rough” grains. High contrast between XY and XZ
planes suggests higher anisotropy. BD indicates build direction.

“roughness” across XY and XZ planes, which indicates more isotropic
characteristics. The same behaviour was observed in all HIP-treatment
conditions.

To illustrate the texture and orientation of “smooth” and “rough”
grains observed in optical micrographs, Fig. 15 shows optical, electron,
forward scatter detector (FSD), inverse pole figure (IPF) and Euler
colour images of the same sample. Black arrows indicate smooth-to-
rough transitions in the optical micrograph, which correspond to loca-
tions of varying crystallographic orientation in IPF images and angles of
orientation in Euler images. Electron images show fully dense material
even around rough grains exhibiting dark boundaries in optical images,
which demonstrates that dark boundary lines are not cracks. FSD images
demonstrate rough surface associated with dark optical regions, and
varying orientation and Euler angles characteristic of “rough” grains. It
is noted that optical micrographs can provide information regarding
locations where crystallographic orientation and Euler angles exhibit

(a) Optical image (b)
I |

Electron image (c)
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strong change.

It is known that reducing high angle grain boundaries (HAGBs) can
help improve crack resistance and density [62]. IPF images in the build
direction are used to identify HAGB regions as these are described by
changes in the crystallographic orientation, e.g., from {001} to {111}
and vice versa. A correlation between rough grains and {111} orienta-
tion in the build direction is identified. It is concluded that HAGB re-
gions can be located around dark regions in optical micrographs, which
are expected to increase cracking as they promote development of crack
nucleation points.

4.5.4. Cracking behaviour along columnar grains

The cracking behaviour in the grain boundaries of SDS-PH and HP/
HS-RS samples was investigated. Cleavage cracking was observed in
{001} orientation relative to the build direction [14,63]. Fig. 16 shows
FSD, electron, Euler colour, and IPF images in the build and transverse
directions of HP/HS-RS and SDS-PH samples. FSD images illustrate some
rough columnar grains and electron images show cracking around these
grains. For SDS-PH, the rough grains are characterised by a change in the
crystallographic orientation in the direction transverse to the build di-
rection and a change in the Euler angles. In HP/HS-RS, an extremely
strong texture characterised by a single crystalline-like structure was
observed, where cracking is only described by strong changes in the
Euler angles of orientation. It was found that HP/HS-RS develop extreme
changes in the Euler angles demonstrating increased cleavage cracking
in strong single crystalline-like textures around the boundaries of rough
columnar grains. On the other hand, SDS-PH showed reduced cleavage
cracking possibly due to more gradual changes in the Euler angles of a
polycrystalline structure in transverse directions relative to the build
direction.

4.5.5. Cracking in samples produced by spot melting strategy

As shown in Fig. 16, SDS-PH reduced cracking by controlling
orientation changes. This is further investigated in XY and XZ planes to
understand cracking behaviour in different regions of the part. Figs. 17
and 18 present micrograph mosaics of the entire cross-section. Electron
and IPF images show microstructure and crystallographic orientations at
centre and edge regions of the part. Electron images show near-full
density especially in XZ plane; however, some micro-cracking is
observed in the XY plane induced by changes in the crystallographic
orientation. It is noted that the macro crack observed in Fig. 18a at the
edge of the part developed when the sample was broken out of the hot
mount in preparation for EBSD analysis.

FSD mixed

¥

Euler colour

o
al
ooum 801

500um BD

Fig. 15. (a) Optical, (b) electron, (c) forward scatter detector (FSD), (d, e) inverse pole figure (IPF) and (f) Euler colour images of the same SDS-PH HIP-1800 sample.
Black arrows indicate location of white-dark boundaries from optical images and the corresponding colour change in IPF and Euler colour images. White-dark
boundaries correspond to a change in crystallographic orientation from {001} to {111} in IPF Y image, respectively. BD indicates build direction.
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SDS-PH

BEIEa

]

Build direction 4

Fig. 16. (a, g) FSD, (b, h) electron, (c, i) Euler colour, and IPF images in (d, j) the build direction and (e, f, k, 1) transverse directions for (a-f) SDS-PH and (g-1) HP/HS-
RS samples, respectively. Location of cleavage cracking is indicated by yellow dotted rectangles. Build direction is indicated in Y axis. Scale bar in micrographs is 250
um. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

As previously explained, changes in the crystallographic orientations
and Euler angles are described by light and dark changes in optical
micrographs, with core regions predominantly oriented in {001} and
{111}, respectively, relative to the build direction. The size of regions
with {001} or {111} orientations in the build direction, can be measured
from the optical mosaics. Larger and well-defined regions with uniform
crystallographic orientation are produced by HIP-1800 treatment,
increasingly forming single crystalline-like textures with more uniform
orientation. A more homogenous optical mosaic suggests reduced vari-
ation in the Euler angles within single crystalline-like textures in the
HIP-1800 sample.

The width of dark columnar grains with {111} orientation in the
build direction, are shown from centre and edge locations in the as-
printed sample measuring 252 um and 218 um, respectively (See
Fig. 17a). For HIP-1800, larger {111} regions of 874 yu m- and 817 um-
wide are seen in centre and edge locations, respectively (See Fig. 17b). It
is concluded that HIP-1800 treatment promotes stronger texture with
more homogeneous orientation while increasing the width of single
crystalline-like regions by about 3-4 times, in comparison with the as-
printed condition (e.g., a 3396 u m-wide region of uniform {001}
orientation in the build direction, measured from the HIP-1800 sample
is compared against a 1202 p m-wide region measured from the as-
printed condition).

In the XY plane transverse to the build direction, nano cracks (or
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voids) with potential to nucleate micro cracks are observed around
grains predominantly oriented in {111}. These are indicated by white
triangles in IPF images in Fig. 18a and b for the No-HIP and HIP-1800
samples, respectively. This is more clearly illustrated in Fig. 19 for the
No-HIP condition, which shows core regions in the sample in more
detail. IPF images in the build and transverse directions in Fig. 18 show
that nano cracks nucleate predominantly around {111} grains, while
larger micro cracks grow through grain boundaries between {001}-
oriented grains in the build direction, and through grain boundaries
between {011}- and {001}-oriented grains in directions transverse to
the build direction. Even though HIP-1800 still shows multiple nano
voids around {111} grains, it mitigated crack growth and virtually
eliminated cracking in {011} and {001} regions, which demonstrates
the capability of HIP-1800 for passivating and mechanically healing
solid-state cracks in these regions. From optical mosaics, the as-printed
material exhibits high population of square-shaped, dark grains mostly
with {111} orientation and with size of about 245 pm x 265 pm, whilst
HIP-1800 shows lower population of these {111}-oriented grains but
larger in size with dimensions of about 598 ym x 586 ym. Dark grains
are indicated by black triangles in optical mosaics in Fig. 18. For HIP-
1800, larger areas of uniform orientations are expected to reduce the
HAGB area and thus reduce formation of critical crack nucleation points.

Strong textures are observed in core regions of the XY plane, while
more polycrystalline textures are observed at the edge regions of the
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Fig. 17. Micrograph mosaic in XZ plane showing the entire cross-section of (a) SDS-PH No-HIP sample and (b) SDS-PH HIP-1800 sample. Electron and IPF images in
the build (BD) and transverse (TD) direction show near-full density and crystallographic orientation respectively. Regions of {111} and {001} are shown by blue and
red colours in IPF images, which correspond to darker and lighter regions in the optical mosaics, respectively. Widths of grains with {111} orientation are shown in
IPF images and optical mosaic. The width of region with predominantly {001} orientation is shown in optical mosaic. A scale bar of 500 um is shown which
corresponds to all electron and IPF images. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

part. This is explained in terms of different heat dissipation behaviour as
the edge or contour regions are surrounded by powder which is known
to have significantly lower thermal conductivity compared to the so-
lidified material. This reduces local thermal gradients at the contour of
the part, reducing the structure alignment in these regions.

A macro crack at the edge of the part is shown in Fig. 18a. This crack
formed when the sample was broken out of the hot mount and was
aggravated by changes of crystallographic orientations. The crack
caused high noise levels in the IPF images and therefore prevented more
detailed analysis. To investigate cracking behaviour in the XY plane, IPF
images in the build and transverse directions were taken at the centre of
the SDS-PH No-HIP sample and compared against electron images in
Fig. 19. Microcracks and nanovoids are visible at (a—d) x60 and (-h)
%200 optical microscope magnification, respectively. Nanovoids form
predominantly around grains with {111} orientation as indicated by
white arrows in Fig. 19. These serve as nucleation points for microcracks
that grow along grain boundaries between {011}- and {001 }-oriented
grains. It is concluded that the HAGB area around grains oriented in
{111} determines the population density of potential crack nucleation
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points in the XY plane.
5. Conclusions

EB-PBF process is identified as a potential AM method for producing
relatively strong W parts (max. room temperature tensile strength ach-
ieved at ~350 MPa). Elevated temperature HIP treatment was demon-
strated to reduce process-induced defects and solid-state cracking in EB-
PBF W material. It was observed that HIP-treatment reduced the vari-
ability of the stress-strain curve, compared to the behaviour of as-
printed specimens during room temperature tensile testing.

The detrimental effect of wire-EDM cutting on EB-PBF W specimens
was identified as a significant challenge limiting proper evaluation of
mechanical performance. It is concluded that the strong texture of EB-
PBF W specimens with {001} orientation predominance is critically
damaged by the wire-EDM process. This behaviour agrees with the
literature, as wire-EDM is reported to cause periodic cracking especially
along {001} planes.

Backscatter electron imaging was demonstrated as in-process non-
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Fig. 18. Micrograph mosaic in XY plane showing the entire cross-section of (a) SDS-PH No-HIP sample and (b) SDS-PH HIP-1800 sample. Electron images show
regions with near-full density and regions with cracking defects. IPF images show crystallographic orientation relative to the build direction (BD) and transverse
direction (TD). Blue and red regions with {111} and {001} crystallographic orientation (relative to BD) correspond to dark and light regions in the optical mosaic,
respectively. Widths of isolated grains with {111} orientation are shown in IPF images. Black arrows show locations of grains with predominantly {111} orientation
relative to BD. White arrows show location of nanovoids. A scale bar of 500 um is shown which corresponds to all electron and IPF images. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

destructive evaluation tool for tungsten parts. It was used to conduct
qualitative assessment of porosity layer by layer in the as-printed ma-
terial. To the authors’ knowledge, this is the first time that BSE imaging
is used for in-situ quality control of tungsten in EB-PBF. BSE images with
% porosity = 0, were correlated with near full density from optical
micrographs.

XCT scanning was used to investigate cracking defects and voids in
both as-printed and HIP-treated EB-PBF W specimens. It was found that
higher HIP temperatures mechanically heal solid-state micro cracks
located along grain boundaries between {011} and {001} oriented
grains. It passivates crack clusters and reduces crack length in longitu-
dinal and transverse directions relative to the build direction.

Elevated HIP temperatures were shown to close nanopores at grain
boundaries, which is key to reduce crack nucleation points. Additional
work is needed to further investigate the role of HIP treatment in the
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thermal properties and mechanical performance of EB-PBF W compo-
nents. No mass deformation was observed after HIP treatment.

The potential of EB-PBF process to tailor W microstructures was
demonstrated testing different manufacturing parameters and melting
strategies. It was concluded that different melting strategies can be used
to control grain growth and crystallographic orientation. Specimens
with strong {001} crystallographic orientation were successfully pro-
duced, which shows potential of EB-PBF W material to improve PMI
performance. Cleavage cracking in XZ plane was observed in {001} re-
gions with strong change in the Euler angles of orientation. In the XY
plane, nanovoids were observed around grains oriented in {111}. These
serve as crack nucleation points for microcracks that grow transverse to
the build direction, along grain boundaries in {011} and {001} oriented
regions.

Higher crack density was observed in the XY plane (i.e.,



M. Zavala-Arredondo et al.

L.

BDX)

Nuclear Materials and Energy 45 (2025) 102011

i)

IPF(TD)

100um

Fig. 19. (a, e) Electron and IPF images in (b, f) the build direction (BD) and (c, d, g, h) transverse directions (TD) of SDS-PH No-HIP sample at (a-d) 60x and (e-h)
200x optical microscope magnification, showing cracking in the XY plane perpendicular to BD. Black arrows show example of microcracks that grow in regions with
{001} and {011} orientations. White arrows indicate location of nanovoids predominantly around {111} oriented grains. Microcracks are observed to nucleate from
these nanovoids, which grow along grain boundaries between grains oriented in {011} and {001}.

perpendicular to the build direction) in comparison with the XZ plane (i.
e., parallel to the build direction) due to increased number of HAGB
regions around {111} oriented grains. Spot melting methods with at
least 1200 °C preheating temperature is identified as a key melting
strategy with potential to reduce crack nucleation points by: (a) pro-
moting gradual change in the crystallographic orientation and Euler
angles along the XZ plane (i.e., along the build direction), and (b)
reducing the number of HAGB regions in the XY plane (i.e., transverse to
the build direction). SDS-PH was demonstrated as one option to achieve
this; however, a wide range of spot melting strategies and beam paths
are available using Pixelmelt® technology which can be further
explored to achieve higher control over grain growth and cracking
behaviour.
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