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ABSTRACT: Tantalum and tungsten are completely soluble in each other and are used in applications in the combined form of
so-called tantaloys. They provide high melting points (Ta: 3017 °C, W: 3410 °C) and excellent corrosion resistance while
maintaining high ductility for W contents up to 7.5 wt%. Providing good resistance to hydrogen embrittlement, Ta-W alloys are
attractive candidates for applications in fusion reactors. This study demonstrated the feasibility of producing chemically
homogeneous bulk material with fine grained microstructure from non-spherical powder blends with up to 7.5% tungsten using
laser powder bed fusion (PBF-L/M). It is observed that cracking remains a challenge, especially with the increase in tungsten
content. The effect of rapid solidification on the microhardness of up to 385 HVO.1 for 7.5% W is discussed. It provides initial
indications of the possibility of achieving higher strengths and paves the way for further alloy development with regard to the
additive manufacturing of this alloy family.
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1. Introduction

Refractory metals are essential for diverse high-temperature applications and thus are increasingly considered for
components in highly efficient propulsion engines, power plants and the chemical industry. Tantalum has gained
particular interest [ 1-7] because of its high-temperature stability and the ability to form a native Ta>Os oxide layer for
improved corrosion resistance towards aggressive gaseous and liquid media [8,9]. Moreover, tantalum is known for its
excellent biocompatibility, particularly pure tantalum. Thus, pure tantalum is mainly used for medical parts, e.g.,
scaffolds [10—13]. Conventionally, tantalum and its alloys are manufactured by sintering techniques [ 14—17] or electron
beam furnaces [18]. Recently, additive manufacturing of refractory metals, e.g., tungsten [19-23], molybdenum [24—
27] and niobium [28,29] has been successfully demonstrated in various studies. Additive manufacturing (AM) of pure
tantalum has been explored using PBF-LB/M [30-37], PBF-EB/M [38,39] and directed energy deposition techniques
[40,41] or cold gas deposition technologies [42].

However, applications in structural components typically demand higher strength, which can be achieved by
alloying with tungsten, forming a bcc-structured solid solution strengthened alloy [43,44]. These Ta-W alloys, also
referred to as tantaloy, were developed in the 1950s for rocket components [45], but today also find application in the
chemical- and marine industry, particularly for vacuum-proof components and parts exposed to highly aggressive
chemicals [15], e.g., chlorine environments [46]. Alloys from the tantaloy family offer high-temperature stability with
high strength and high ductility in ambient and elevated temperature regimes [17,47,48] without deterioration of the
corrosion resistance compared to pure tantalum [49] or sensitivity to hydrogen embrittlement [50]. Hence, Ta-W alloys
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are currently considered for applications in future fusion reactors [47,51]. Current research in the context of rapid
solidification focuses on Ta-10W (wt%) [52,53], while despite very interesting property profiles, to our best knowledge,
no study on additive manufacturing of materials <10 wt% W has been performed which could greatly benefit from both
increased strength through fine-grained microstructures and near net shape production provided by these group of
processes. Furthermore, most studies focus on spherical atomized powders, which represent a significant cost factor for
the use of additive manufacturing.

Consequently, in this work, laser powder bed fusion (PBF-L/M) with W content varied 0-7.5 wt% in orientation
to tantaloy 63 (Ta-2.5W) and 61 (Ta-7.5W) is experimentally studied. Due to the material’s high melting point and
reactivity, atomized powders are costly. Therefore, this study explores the feasibility of producing Ta-W powders
suitable for AM through mechanical alloying and investigates the potential for fabricating bulk material using PBF-
LB/M from these polyhedral powders. Furthermore, the research examines how the variation in tungsten content
influences the microstructure and microhardness of the resulting bulk samples. The overarching goal of this study is to
enhance the understanding of how tantalum alloys can be effectively utilized in additive manufacturing (AM) to produce
high-performance components with optimized properties while ensuring both economic feasibility and sustainability
through the use of low-cost feedstock materials.

2. Materials and Methods

This study used various materials and methods to address the outlined research questions. The experiments
represent initial feasibility studies and were conducted under laboratory conditions on a small scale. The materials and
procedures employed are described below. The key steps for material processing are depicted in Figure 1 and explained
in the following paragraphs.
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Figure 1. Overview of key processing steps in this study: (a) Initial powder feedstock, schematic overview of the (b) mechanical
alloying and (¢) PBF-LB/M process applied in this study, (d) actual samples produced by the process (here: Ta reference).

2.1. Materials

The powder material used was pure tantalum (Ta, 99.9%) with a specified particle size of <75 pm (Goodfellow
GmbH, Hamburg, Germany) and particle sizes measured as D90 =55.1 pm, D50 =41 um, and D10 = 18.9 um. Tungsten
(W) powder with a purity of 99.9% and a nominal size of <45 pm (H.C. Starck, Goslar, Germany) was used as an
additive. D90, D50 and D10 were measured to be 43.8 um, 5.8 um and 4.1 pm, respectively. According to the
manufacturer’s specifications, both powders were produced using a mechanical grinding process, resulting in non-
spherical, polyhedral-shaped particles. As substrate material, stainless steel (1.4404) was used.

2.2. Processing
2.2.1. Mechanical Alloying

Mechanical alloying was performed in a Fritsch Pulverisette 4 Classic line (Fritsch GmbH, Idar-Oberstein,
Germany) using milling containers and milling balls (diameter: 5 mm), both manufactured from YSZ (yttrium stabilized
zirconia). Prior to mechanical alloying, a full argon atmosphere was established inside the milling containers to prevent
extensive oxidation of the manually mixed powder materials. Each of the subsequent three milling intervals of 20 min
was followed by pausing the process for cooling for 10 min. A rotational speed of 100 rpm was selected for both the
main and planetary discs. The ball-to-powder ratio was 5:1, and 100 g of powder was milled per batch. After milling,
the powders were immediately transferred to the PBF-L/M setup and processed to minimize oxygen pickup during
powder handling.
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2.2.2. Additive Manufacturing PBF-L/M

The experiments were performed using an experimental lab setup, consisting of a single mode fiber laser
YLR1000WC, Pmax =1 kW, A = 1070 nm (IPG Photonics GmbH, Burbach, Germany) as an energy source, a
HurrySCAN20 (SCANLab GmbH, Puchheim, Germany) galvano scanner, and an f-theta lens (f = 255 mm). The
resulting spot diameters were approx. 80 um in the focal plane. The PBF-L/M process was performed under a full argon
atmosphere (Ar 4.6 (99.996% purity), residual O < 10 ppm) and an overpressure of approx. 60 mbar compared to
ambient pressure. The investigated samples with a size of approx. 5 mm X 5 mm % 5 mm (Figure 1d) were selected
from a parameter study in which the scan speed was varied between 300 and 500 mm/s to achieve the highest possible
density in each build. The corresponding final process parameters are listed in Table 1.

Table 1. PBF-LB/M process parameters used in this study.

Process Parameter Ta Ta-2.5W (wt%) Ta-5W (wt%) Ta-7.5W (wt%)
Laser power [W] 300
Beam diameter [um] 80
Hatch distance [um] 120
Layer height [um] 30
Scan speed [mm/s] 400 450

2.3. Analytical Methods
2.3.1. Powder Particle Analysis

Powders were analyzed using a SEM LEO 1455 EP (Carl Zeiss AG, Oberkochen, Germany). The particle size
distribution was measured using dynamic image analysis with the Helos/Br + Oasis/L + Vibri/L laser diffraction (LD)
system (Sympatec GmbH, K&nigsbrunn, Germany). Particle diameters were determined using the EQPC method, which
calculates the diameter of a circle that has the same area as the particle being measured.

2.3.2. Microstructure

Sample preparation for microstructure analysis consisted of standard metallographic grinding and polishing steps.
The relative density of specimens was determined using the open-source software Imagel (Version 1.54) by analyzing
the grayscale values of light-optical images obtained at 25x magnification. Cracks were manually excluded from the
measurements. Initial SEM imaging of bulk samples was done with a Scios 2 DualBeam (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). EBSD measurements were performed on ion polished samples using a FE-SEM JEOL JSM-7900
F (JEOL Ltd., Akishima, Japan) equipped with an EBSD C-Nano-detector (Oxford Instruments PLC, Abingdon, UK).
EDS measurements were performed both using an EDAX system (AMETEK Inc., Berwyn, IL, USA) and EDS X-
MaxN Silicon Drift-detector with Aztec software (Oxford Instruments PLC, Abingdon, VA, USA), respectively. Phase
analysis by XRD was conducted using an Empyrean X-ray diffractometer (Malvern Panalytical GmbH, Kassel,
Germany) with Cu Ko radiation.

2.3.3. Microhardness

Vickers microhardness was determined using a semi-automatic Vickers tester Carat 930 (ATM Qness GmbH,
Mammelzen, Germany). The applied test load was 100 g, and the testing time was 10 s for each indent. The points of
the measurement grid were selected manually to ensure testing crack and defect free regions with a minimum distance
of 0.23 mm between indents, ensuring a minimum of 24 indents per sample.

3. Results
3.1. Powder Characterization

The initially rough surface and polyhedral particle morphology of the tantalum powder (Figure 2a) changes during
the mechanical alloying process, leading to fracturing and slight rounding of the powder particles as the corners are
worn down due to pressure and abrasion. The milled powders are also characterized by submicron flakes from both
materials, which adhere to larger particles and form occasional, randomly distributed agglomerates (Figure 2b). Based
on surface observations, it is assumed that partial cold-welding of the fine tungsten particles (around 10 um) and mixed
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flakes takes place. As the tungsten content increases, the overall particle size decreases slightly (Figure 2c¢), which can
be attributed to the smaller size of the tungsten (<45 pm) and fractured particles compared to the Ta-base powder.
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Figure 2. Exemplary SEM images (SE, obtained at (a) low, 1kx and (b) high, Skx magnification) of the mechanically alloyed Ta-
7.5W powder and (¢) results from particle size analysis for all powders processed in this study.

3.2. Microstructure

While both pure Ta and Ta-2.5W (Figure 3a,b) could be manufactured almost crack free, with cracks only being
found at isolated singular defects, the Ta-5W and Ta-7.5W materials showed severe cracking (Figure 3c,d). Occurring
odd-shaped defects in all samples can be attributed to e.g., irregularities in the powder spread due to the disadvantageous
particle shape (Figure 1). The Ta-5W showed more defects and crack formation compared to the samples with lower
tungsten content. Sparsely found inclusions could be observed in the cross-sections of the samples. The higher W
concentration likely leads to changes in the material’s microstructure, such as alterations in the lattice structure and
solidification behavior. An increased hardness of the material with higher W content would also reduce its ability to
absorb internal stresses caused by shrinking through plastic deformation, making it more susceptible to crack formation.
In the parameter variation at 7.5 wt% W, an increase in scan speed from 400 to 450 mm/s seemed to reduce crack
formation slightly. This could be due to the formation of smaller melt pools, which allow for more controlled
solidification and potentially lower residual stresses, thus reducing the risk of cracks. However, this was not observed
for the other samples, and the higher number of defects in the 5 wt% W sample may also represent statistical variations,
which could not be further detailed due to the limited sample size. Overall, a higher tungsten content seems to correlate
strongly with an increased tendency for crack formation. Nevertheless, the samples reached densities of over 99.5%,
with the number of defects increasing as the tungsten content was raised. The relative densities were determined by
excluding crack structures as 99.9% for Ta, 99.8% for Ta-2.5W, and 99.5% for Ta-5W and Ta-7.5W, respectively.
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Figure 3. LM images (200x) of the PBF-LB/M samples: (a) pure Ta, (b) Ta-2.5W, (¢) Ta-5W, (d) Ta-7.5W. Respective insets
show an overview of the total cross-section. BD = build direction.

The SEM images (Figure 4) revealed a homogeneous microstructure of a presumably single-phase solid solution.
No obvious secondary phases were visible, suggesting a single-phase structure. However, previously observed defects
and microporosity were again evident within the microstructure, specifically in Figure 4a,b, which may appear similar
to potential oxide phases and which were considered during further analysis.

(c) (d)
Figure 4. SEM images (SE) of the PBF-LB/M samples: (a) pure Ta, (b) Ta-2.5W, (¢) Ta-5W, (d) Ta-7.5W.

EDS measurements confirmed that the W was predominantly homogeneously distributed in the solid solution
(Figure 5). Ta-oxide inclusions were detected in small numbers in all samples, as shown in Figure 5a,b. Throughout the
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cross sections of approx. S mm X 5 mm each, a few W-enriched regions could be determined in the Ta-2.5 (Figure 5¢)
Ta-5W and Ta-7.5W samples. By further point analyses of the oxygen-rich inclusions, the oxide particles are identified
as Ta,Os compounds, as the determined ratios of the chemical concentration (Ta: 79.9 + 2 wt%, O: 17.1 £ 2 wt%,
residual 3 &+ 2 wt%) align well with Ta,Os composition.

0 ® W

TJ() O\ W-rich region
inclusion (unmolten
particle)

&)

@ ) ©

Figure 5. EDS maps of the PBF-LB/M samples pure Ta (a,b) and Ta-2.5W (¢) for the indicated elements for the representation of
the occurrence of oxides and unmolten tungsten particles.

The measurement of the overall chemical composition in cross-sections (Table 2) showed that the 2.5W sample
contains approximately 2.5 wt% tungsten, while the tungsten content in the solid solution of the 5 wt% and 7.5 wt%
samples is slightly lower than intended (4.8 and 6.2 wt%, respectively).

Table 2. Chemical composition determined per EDS using small area scans (10 per sample). Min. and max. values are included as
a range in brackets. Values missing up to 100% are attributed to impurities.

Content Ta (wt%) Ta-2.5W (wt%) Ta-5W (wt%) Ta-7.5W (wt%)
Ta (Wt%) 95.2+0.6 95.8+0.7 90.9+0.7 88.8+0.7
’ (93.7-96.7) (91.2-94.6) (90.0-92.5) (84.9-90.7)
04+0.5 23+0.5 42+0.5 6.2+0.5
0,
W (wt%e) (0.0-0.9) (1.7-3.2) (3.3-5.7) (5.1-9.6)

In all inverse pole figures from EBSD measurements obtained (Figure 6), no pronounced columnar grain structure
could be observed. Instead, the microstructure predominantly shows equiaxed grains. This indicates that the material
has a relatively uniform grain structure with no significant directional growth, suggesting an isotropic distribution of
the crystallographic orientations. Both visually large and small grains are statistically distributed in all samples, and no
correlation can be deduced with the scan pattern or melt pool boundaries. EBSD analysis also indicates that the observed
cracks (Figure 6, black arrows) develop along grain boundaries.

Grain statistics derived from EBSD maps by setting the threshold for individual grains at 10° and taking into
account the equivalent circle diameter (ECD) of the individual reconstructed grains are presented in Figure 7. To allow
for more representative quantification, measurements for two sites per sample were merged.
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Figure 6. EBSD inverse pole figure (IPF) color maps obtained with 2 um step width of the PBF-LB/M samples: (a) pure Ta, (b)
Ta-2.5W, (¢) Ta-5W, (d) Ta-7.5W. The IPF are color coded according to the key depicted in (e) parallel to Y direction which is the

building direction (BD). High-angle (>10°) grain boundaries are indicated in a light greyish color. Black areas represent defects
(voids, cracks), the latter of which are indicated by arrows.
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Figure 7. Grain sizes for investigated sites determined by grain reconstruction, representing the equivalent circle diameter (ECD).
The respective threshold for analysis was set to >10° misorientation. The combined number of measured grains from the different
investigated sites, excluding cut grains at image borders, was 716 (Ta), 626 (Ta-2.5W), 3017 (Ta-5W) and 1246 (Ta-7.5W).

The determined grain sizes show a considerable variation, and within the range of the standard deviation, no
significant differences can be observed between the samples. From this, it can be concluded that the tungsten content
does not have a significant influence on the grain size within the limits of the measurement capabilities.

In the XRD measurements (Figure 8), all samples exhibited strong peaks indicative of pure tantalum or a tantalum-
tungsten solid solution. However, a rightward shift of the peaks (detailed in Figure 8b) was observed with increasing
tungsten content, suggesting a change in the size of the tantalum lattice by incorporation of tungsten atoms. No
significant matches were found with the expected Ta.Os (cf. Figure 5).
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Figure 8. Diffractograms of the three alloys and pure tantalum samples (a) with peak markers corresponding to reference standards
[54] (b). The respective peak positions for pure Ta are indicated by diamond markers. In panel (¢), enlarged views of the overlapping
peaks around 69.7° are presented to better illustrate the observed peak shifts.

3.3. Microhardness

To determine the microhardness, a grid in the center region of the selected samples was set, covering an area of
approx. 3.5 mm x 4 mm (height in build direction) to ensure comparability without measuring regions with apparent
defects. An example of this layout for Ta-2.5W is shown in the inset in Figure 9. Depicted values in the diagram
represent the mean value of all respective measurements per sample. On average, the Ta-7.5W materials exhibit a
considerably higher hardness of 385 + 31 HV compared to both pure Ta (280 £ 11 HV) and Ta-2.5W (300 = 48 HV,
both Figure 9). Although the differences between the 2.5W and 5W samples (338 + 36 HV) are visible in the mean
values, they must be regarded as statistically insignificant due to the scatter in the data. This is also influenced by the
fact that the measured tungsten content in the bulk samples deviates from the intended amounts (see Section 3.2). It can
be hypothesized that cracking and defects also affect the measured microhardness. While indents clearly placed within
a pore or crack were excluded from the measurement, the increased variation may be associated with these and the
occasional presence of oxide and tungsten inclusions.
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Figure 9. Microhardness measurement results obtained in this study in comparison with selected literature data for similar material.
Data for comparison were derived from [16] (SPS Ta-10W), [30] (PBF-LB/M, Ta) and [52] (DED Ta-10W).

4. Discussion

The physical properties of the powder material, including morphology, particle size, surface characteristics, and
agglomeration behavior, are known to influence the printed part density significantly and, consequently, the mechanical
properties of the final product [55]. Therefore, modifying the powders towards a more spherical shape is expected to
enhance flowability during powder bed fusion processes. However, the utilization of mechanical alloyed composite
powder (Figure 2) from elemental, non-spherical tantalum and tungsten powder feedstocks for laser powder bed fusion
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processing is shown to be feasible for manufacturing dense cuboid specimens (Figure 3). This demonstrates that the
powder material produced via mechanical alloying is suitable for application in AM, in line with reports from various
research groups that have successfully prepared specimens from elemental powder blends of refractory alloys [56-58].

Printed microstructures exhibit a single solid solution phase, which is expected due to solid solution across the
entire binary range of tantalum and tungsten shown by the binary phase diagram [59]. Despite the full solubility of
tantalum and tungsten [59], unmolten tungsten particles are sparsely found (Figure 5), which is a phenomenon regularly
found in specimens processed from powder blends [60] and demonstrates remaining optimization potential regarding
the selection of process parameters. Thus, the full optimization of the AM process and the production of defect-free
samples remains a topic for further investigation. In addition to the aforementioned unmolten tungsten particles, isolated
oxide inclusions are found within the printed microstructures (Figure 4a). These oxide particles are also found by EDS
maps (Figure 5), which are confirmed to be tantalum-rich oxides by with Ta,Os composition by EDS point analysis are
believed to stem from the used powder feedstocks due to storage conditions [61]. Sparsely dispersed tantalum oxide
particles, e.g., Ta,Os particles, are also found in PBF-LB processing of tantalum by Abdu Aliyu et al. [33]. Thus, oxygen
is introduced despite a full argon atmosphere in the mechanical alloying- and laser powder bed fusion process. The
oxygen contamination may also explain sparsely found melting defects (Figure 3a) as oxygen deteriorates the wetting
behavior of the melt, as described by Tan et al. [36].

As evident from the inverse pole figures obtained from EBSD measurements (Figure 6), the microstructure consists
of a fine-grained structure with poly-shaped grains across all examined compositions. This suggests that tungsten has
no significant impact on grain formation mechanisms during solidification. From the observed nearly isotropic structure,
it can be expected that mechanical properties will also be direction-independent, which is beneficial for most
applications. Moreover, no significant impact of tungsten addition on the resulting grain size is recorded (Figure 7),
which indicates the incorporation of tungsten into the tantalum lattice by solid solution mechanisms. This is also
supported by the shift of the diffraction peaks to higher 26 values of the (110), (200) and (211) planes (Figure 8),
indicating a contraction of the unit cell, possibly due to the substitution of larger tantalum atoms (2.58 A) [62] by smaller
tungsten atoms (2.53 A) [62]. Similarly, peak shifts were observed in [16] during incorporation of tungsten into tantalum
by stepwise mechanical alloying.

However, the microstructure found in the pure tantalum specimens (Figure 6) shows significant differences from
pure tantalum specimens manufactured by other research groups with columnar structure in the build direction [2]. One
possible explanation may be the oxide particles found, as well as possible additional sub-micron oxide particles, which
may act as grain refiner in all manufactured specimens [36]. One other explanation may be in the comparably low
volume energy density used in this study (approx. 200 J/mm?), which may also lead to both reduction of the grain size
and change of the grain morphology from columnar to more equiaxed-dominated microstructures. However, the oxide
particles are not detected by XRD measurements (Figure 8), which is believed to be due to an insufficient volume
fraction of oxide particles in the Ta-W matrix.

Vickers microhardness measurements demonstrate increased hardness with increased tungsten addition (Figure 9).
As no significant change in grain size by the addition of tungsten is observed and oxide content is likely to be constant
for all specimens, the increase in hardness can be mainly explained by the solid solution hardening mechanism [63] and
is in accordance with findings of Browning et al. [17]. The significantly higher hardness values (approx. 280 HV) found
for the pure tantalum specimen compared to specimen manufactured by other research groups (approx. 140 HV) [33]
further indicate the effect of the found oxides leading to higher material strength by dispersion hardening [35,64]. The
high hardness, particularly of Ta-5W and Ta-7.5W specimens may cause the observed severe cracking of the printed
specimen (Figure 3c¢,d). Hence, a higher tungsten content seems to correlate strongly with an increased tendency for
crack formation.

5. Conclusions

In this study, non-spherical Ta and Ta-W powders produced by milling were processed by the additive
manufacturing process of PBF-LB/M and analyzed regarding overall process feasibility, microstructure and
microhardness. The tungsten content has a significant impact on the defects and hardness of the additively manufactured
material, while grain size and chemical homogeneity remained predominantly unaffected.

1. The processing of all three as received and milled powders via PBF-LB was possible, resulting in a material density
above 99.5%. Cracking could not be suppressed and was found to be most pronounced when adding 7.5 wt% W.
The observation is likely linked to the high microhardness of the sample as it suggests that the material’s ability to
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deform plastically is limited, which can increase the likelihood of cracking. Furthermore, the incorporation of a
large amount of tungsten may induce localized stresses within the lattice, further contributing to the material’s
susceptibility to fracture.

2.  All three alloys showed a homogeneous distribution of tungsten in the solid solution, indicating successful alloying.
Despite the relatively short milling phase, except for isolated inclusions from unmolten, oxidized particles, no
second phases were observed. However, the presence of finely dispersed oxides cannot be excluded.

3. The obtained microstructures were similar and nearly isotropic for all alloys. The addition of tungsten resulted in
a measurable increase of hardness while no effect on the grain size varying from 5-45 um was observed, thus
likely indicating solid solution hardening.

4. Hardness values of up to approx. 384 HVO0.1 are in accordance with the literature and the smaller grain size of the
obtained PBF-LB/M material compared to SPS and DED consolidated material, and suggest the potential for
achieving higher strengths compared to previous studies.

In summary, we demonstrated that the processing of an emerging alloy group based on refractory metals is possible
with the established process PBF-LB/M starting from low-cost powders and obtained the first indications of promising
mechanical properties. Future work will focus on upscaling for in-depth investigation of properties relevant for
application and the inclusion of approaches to improve oxidation resistance using, e.g., aluminum, for example,
investigated by [9]. The near-net-shape production of components without material loss presents promising prospects
for both medical and energy applications of tantalum-based alloys. This is particularly noteworthy as significant
progress is being made in the production of pre-alloyed atomized spherical powders suitable for additive
manufacturing—an area that has been notably challenging for highly reactive, high-melting materials. For e.g., tungsten,
spherical powders have only been produced at great expense using plasma atomization for a long time. Even with recent
promising progress, the high demands for purity and flowability keep the costs high. Furthermore, despite the growing
demand for high-temperature resistant refractory materials, many alloys and composites are still under development,
which complicates upscaling to larger and more cost-effective production quantities. It is expected that the increased
variability through simple alloying possibilities, as demonstrated in this study, could significantly contribute to the development
of AM-specific alloys, paving the way for more versatile and efficient materials in additive manufacturing applications.
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