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 A B S T R A C T

Tungsten exhibits exceptional temperature and radiation resistance, making it well-suited for applications 
involved in extreme environments. Further advancing part performance, additive manufacturing (AM) offers 
geometrical design freedom, repairability, and rapid prototyping capabilities, provided the intrinsic brittleness 
and low printability of tungsten can be overcome. Designing tungsten alloys with improved ductility (and 
thus printability in AM) can be accelerated by the use of a computationally-derived performance predictor 
to screen out brittle compositions. Calculations of the Pugh ratio by density functional theory (DFT) may 
serve this purpose well, given the value’s correlation with ductility. Further, this process can be made more 
efficient by the use of machine learning interatomic potentials (MLIPs) to accelerate DFT calculations. Here, 
we demonstrate that MLIPs can effectively identify optimal alloy compositions in the W–Ta–Nb system along 
the melting point–Pugh ratio Pareto front. The trend of the Pugh ratio as a function of tungsten fraction in 
the alloys is explained in terms of the electronic density of states at the Fermi level. Experimental validation 
reveals a strong correlation between the computed Pugh ratio and the observed crack fractions in additively 
manufactured alloys. Notably, the two alloys predicted to have the highest Pugh ratio values, W20Ta70Nb10
and W30Ta60Nb10, exhibit no intergranular micro-cracking in experiments.
1. Introduction

High-temperature materials used in energy and aerospace are cur-
rently limited to application temperatures below 1000 ◦C, as in the case 
of gas valves and heat exchangers for fission reactors [1]. A metallic 
material with an operating temperature up to 1500 ◦C could improve 
system efficiencies and safety margins in a wide range of demanding 
environments. By estimating operating temperature as 50% of the 
melting point and applying a conservative safety factor of 20%, we 
conclude that a material will require a melting temperature of 3300K to 
noticeably advance current capabilities. This has historically been the 
motivation to develop tungsten and tungsten-containing alloys suitable 
as shielding materials.

Research on multi-component/high-entropy alloys provides signifi-
cant evidence that solid solutions of transition metals with high melting 
temperatures may yield the properties needed in future nuclear en-
ergy applications [2,3]. Since 2010, refractory multi-principal element 
alloys (RMPEAs) have been explored in over 70 papers, covering 11 
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different alloy systems [4]. Repeatedly, alloys with multiple principal 
components demonstrate strength and temperature resistance beyond 
what is predicted by the rule of mixtures due to extreme lattice dis-
tortion, which resists self-diffusion and dislocation motion while pre-
serving ductility [5]. As an example, compressive testing of equiatomic 
W–Ta–Nb–Mo and W–Ta–Nb–Mo–V alloys showed a peak strength over 
1 GPa at room temperature and up to 500 MPa at 1600 ◦C [6]. 
However, manufacturability presents a unique obstacle to the adoption 
of tungsten-containing RMPEAs. Forming and cutting processes are 
complicated by the material’s extreme hardness, and part complexity is 
limited. As a result, new alloy compositions and manufacturing routes 
are being pursued.

Increasingly, research in tungsten RMPEAs focuses on the additive 
manufacturing (AM) of functional features such as hollow lattices and 
cooling channels. However, the current literature exposes a barrier to 
tungsten AM: room-temperature ductility. Defect-free tungsten shows 
a ductile-to-brittle transition temperature between 300 and 700 ◦C; 
https://doi.org/10.1016/j.commatsci.2026.114735
Received 20 January 2026; Received in revised form 11 April 2026; Accepted 19 A
vailable online 9 May 2026 
927-0256/© 2026 The Author(s). Published by Elsevier B.V. This is an open access a
pril 2026

rticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://www.elsevier.com/locate/commatsci
https://www.elsevier.com/locate/commatsci
https://orcid.org/0009-0008-9654-6310
https://orcid.org/0000-0002-2428-7101
https://orcid.org/0000-0002-4124-3709
https://orcid.org/0000-0001-5972-5696
https://orcid.org/0000-0003-1032-8678
https://orcid.org/0000-0003-2625-9232
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
https://github.com/kareem-Abdelmaqsoud/computational-design-ductile-w-ta-nb-alloy
mailto:jkitchin@andrew.cmu.edu
https://doi.org/10.1016/j.commatsci.2026.114735
https://doi.org/10.1016/j.commatsci.2026.114735
http://creativecommons.org/licenses/by/4.0/


K. Abdelmaqsoud et al. Computational Materials Science 270 (2026) 114735 
as a result, printed parts crack easily under the high thermal stresses 
of AM processing [7,8]. The contribution of oxidation to this process 
requires controlled environments, and only a narrow process window 
exists where solid parts can be manufactured [9]. The optimization 
of ductility in tungsten alloys is thus a necessity to enable the defect-
free AM of tungsten. The combinatorial nature of RMPEAs offers ample 
opportunities to search for enhanced ductility but requires a strate-
gic approach. Screening compositions using predictive computational 
techniques — such as first-principles methods using density functional 
theory (DFT) or molecular dynamics [10–15] or data-driven large 
language models [16,17] — enables efficient navigation of this vast 
design space. Additionally, alloys can now be tested more quickly using 
powder-blown directed energy deposition (PB-DED) or laser engineered 
net shaping (LENS), giving rise to a framework of high-throughput 
alloy design [18]. A large body of work has focused on optimizing 
high-temperature strength using this approach, but we propose that 
optimizing printability is a more crucial first step in the design of 
a tungsten-based RMPEA. An empirical connection is thus needed 
between cracking in AM tungsten alloys and a theoretical ductility 
criterion.

DFT is uniquely well-suited to estimate the ductility of RMPEAS 
and yields multiple property measurements which may correlate well 
to physical behavior [11,19]. The Pugh ratio, defined as the ratio of 
the bulk modulus (𝐾) to the shear modulus (𝐺), has been correlated 
with ductility [20]. A higher Pugh ratio 𝐾∕𝐺 generally corresponds to 
more ductile behavior, although its alignment with the printability of 
RMPEAs has not been demonstrated experimentally. This may be due 
to the defect-rich microstructures that are common to AM parts, which 
degrade material ductility to the point that mechanical testing cannot 
accurately describe plastic deformation. We posit that intergranular 
microcracking during printing may provide a quantifiable feature that 
can be isolated relative to other process-dependent effects. In DED 
parts, the cross-section of a single deposited track may include hun-
dreds of grains, which experience thermal stresses as a global force. 
Provided processing parameters like laser power and speed are held 
constant, grains should experience a consistent stress, which will be 
accommodated first by lattice deformation and second by grain bound-
ary cracking. By quantifying the densities of microcracks in alloyed 
samples, we seek to conclusively report a correlation (or lack thereof) 
to the Pugh ratio and support the use of ab initio ductility predictions, 
which have been widely adopted but rarely verified by experimental 
data for alloys.

The second feature of DFT alloy screening that this work seeks 
to address is the high computational cost of predicting properties in 
large combinatorial spaces. This is done by applying machine learning 
interatomic potentials (MLIPs). MLIPs have emerged as accurate and 
computationally efficient surrogates for DFT that enable the prediction 
of atomic energies, forces, and elastic properties at orders of magnitude 
lower computational cost. MLIPs are typically evaluated on errors in 
the energy and force predictions. Herein, we evaluate their accuracy in 
calculating elastic properties, such as shear and bulk moduli, in relation 
to the ground truths of DFT and experimental results.

Our present verification of DFT and MLIP predictions is focused on 
the W–Ta–Nb alloy system, which is representative of AM tungsten 
alloys that may achieve suitable ductility for printing with minimal 
loss of high-temperature properties. The addition of Nb is intended to 
‘‘soften’’ the alloys studied, improving the chance of successful printing 
in the present experiment; however, this element may be removed or 
replaced in application-specific alloys. We use the Universal Model for 
Atoms (UMA) potential, a unified model capable of accurately repro-
ducing DFT-level predictions across different material classes without 
system-specific fine-tuning [21–26]. Using the UMA potential, we sys-
tematically calculate the Pugh ratios of W–Ta–Nb alloys across the 
ternary composition space. The Pugh ratios of the alloys that lie on 
the Pareto front of the Pugh ratio and the melting point were validated 
using DFT. The electronic density of states at the Fermi level was used 
2 
to explain the trend in Pugh ratio as a function of the tungsten fraction 
in the alloys [27]. Experimental validation reveals a strong correlation 
between the computed Pugh ratio and the observed crack fractions in 
additively manufactured alloys. Notably, the two alloys predicted to 
have the highest Pugh ratio values, W20Ta70Nb10 and W30Ta60Nb10, 
exhibit no intergranular cracking in experiments. These results indicate 
a promising pathway to optimize alloy printability in future RMPEA 
development.

2. Methods

2.1. Computational setup

W, Ta, and Nb are known to have good single-phase stability, as 
shown by first principles calculations [28]. Thus, single phase solid 
solutions of the W–Ta–Nb system were modeled using special quasi-
random structures (SQS) [29], which approximate the atomic disorder 
of random alloys. Since the three pure elements have a body-centered-
cubic (BCC) lattices, the SQS structures of the W–Ta–Nb alloys were 
generated on a BCC lattice. The SQS configurations were generated us-
ing the ICET package [30]. All possible W–Ta–Nb compositions contain-
ing ten atoms were enumerated, and SQS structures were generated for 
each composition to systematically sample the ternary compositional 
space.

In the Supplemental Materials, sections S1 and S2 discuss the effect 
of SQS structure size and structure ordering on the final Pugh ratio 
calculation. Figure S1 justifies the use of a 10-atom structure at a 
lower computational cost compared to a 50-atom structure, which 
yielded similar Pugh ratio values. Figures S2a shows the convex hull 
calculated to identify the most stable ordered BCC structures for the 
alloys. Figures S2b shows the Pugh ratio trend of the ordered structures 
is similar to the SQS structures, but shifted upward for lower tungsten 
content. We expect the elastic properties of the short-range-ordered 
(SRO) structures to lie in between Random SQS structures and the fully 
ordered structures. We focus on the analyzing the results for the SQS 
structures in the main manuscript since the alloys are expected to form 
random solid-solutions experimentally. Also, the results do not change 
significantly between ordered and SQS structures.

The UMA MLIP was chosen compared to other MLIPs, such as 
MACE-OMAT [31], because it accurately predicts the DFT Pugh ratios 
for the pure elements with a small overestimation of the Pugh ratio 
of Ta. Unlike MACE-OMAT, the UMA model captures the correct trend 
in ductility of the pure elements Nb>Ta>W as shown in Figure S4. To 
calculate the bulk and shear moduli, all structures were first relaxed 
using the OMAT head of the UMA model and then subjected to a 
series of normal and shear deformations to evaluate the elastic tensor. 
Linear strain values of (−1%, −0.5%, 0.5%, 1%) and (−6%, −3%, 3%, 
6%) were applied for the normal and shear modes, respectively. Since 
shear deformations generally induce a weaker elastic response than 
normal deformations, larger strain amplitudes are commonly employed 
in the literature to ensure an accurate stress–strain fit for MLIPs [32]. 
As shown in Figure S5 of the Supplemental Materials, the stress–
strain relationship remains linear at these shear strain magnitudes. 
All deformations and elastic tensor fittings were performed using the 
Pymatgen package [33].

The bulk (𝐾VRH) and shear (𝐺VRH) moduli were calculated from the 
elastic tensor using the Voigt–Reuss–Hill (VRH) averaging scheme [34]. 
The following equations were used to calculate the bulk and shear 
moduli for the BCC alloys considered in this work:

𝐾VRH =
𝐶11 + 2𝐶12

3
, (1)

𝐺𝑉 =
𝐶11 − 𝐶12 + 3𝐶44

5
, (2)

𝐺𝑅 = 5
4𝑠11 − 4𝑠12 + 3𝑠44

, (3)

𝐺 = 1 (

𝐺 + 𝐺
)

, (4)
VRH 2 𝑉 𝑅
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Fig. 1. SEM/EDS images of blended powder with nominal atomic composition W50Ta40Nb10.
 

where 𝑠𝑖𝑗 = 𝐶−1
𝑖𝑗  is the compliance matrix and 𝐶𝑖𝑗 is the elastic tensor. 

The Pugh ratios (𝐾VRH∕𝐺VRH) of the alloy compositions were calculated 
from the corresponding bulk and shear moduli.

Our analysis focuses not only on alloys with high Pugh ratios, 
indicative of enhanced ductility, but also on alloys with high melting 
points, specifically those exceeding 3300K. The 3300K melting point 
criterion was chosen to target high working temperature alloys, around 
1500◦C. Melting points were estimated as the CALPHAD solidus tem-
peratures. The solidus temperature was chosen instead of the liquidus 
temperature because the onset of melting is more mechanically rel-
evant. The solidus temperatures were calculated using the TCHEA8 
database in ThermoCalc version 2025b [35]. A Pareto front of Pugh 
ratios versus solidus temperature was then constructed to identify com-
positions with optimal performance in both properties. Alloys lying on 
the Pareto front and meeting the 3300K solidus temperature criterion 
were further investigated using DFT to confirm the trends with higher 
accuracy; notably, this includes only alloys with 10 atomic % niobium.

The DFT calculations were performed using the Vienna Ab initio 
Simulation Package (VASP) with the PBE functional [36–38]. A 𝑘-point 
grid density of 7000∕𝑁atoms was employed to ensure accurate energy 
calculations for the structures under the small applied deformations. A 
high plane-wave energy cutoff of 520 eV was used. The recommended 
VASP pseudopotentials were employed: W_sv, Ta_pv, and Nb_pv. All 
structures were tightly relaxed (EDIFF = 1 × 10−7) prior to applying 
deformations using the finite-difference method (IBRION = 6, ISIF = 
3).

2.2. Experimental setup

Alloys were prepared from plasma-spheroidized tungsten, tantalum, 
and niobium powders having purity > 99.98% (purchased from Heeger 
Materials, Denver, CO). All powders had a size range of 45–106 μm and 
were blended manually in a clean vessel (Fig.  1). Blended powders were 
then deposited using a Trumpf TruLaser3000 laser cutting/deposition 
system equipped with an 8-nozzle MultiJet nozzle. Fig.  2a shows a 
schematic of DED nozzle operation during deposition of 3D walls.

Seven alloys were produced, with tungsten content ranging from 
20–80 atomic % and an average niobium content of 11.5 ± 1.3 atomic 
%. The relative weight fraction of each constituent powder was cal-
culated to achieve tungsten atomic fractions of 20, 30, 40, 50, 55, 
60, and 80; however, the compositions of printed parts varied due to 
powder settling, deposition effects, and experimental error. The 40% 
alloy was removed from consideration based on a deviation of more 
than 10% form its intended composition. The measured compositions of 
the six analyzed alloys are presented in Table  1. The standard deviation 
was calculated based on 16 energy dispersive spectroscopy (EDS) point 
measurements made at random points on sample cross sections using 
the ThermoScientific ParticleX desktop microscope with an accelerating 
voltage of 10 kV. All compositions will be discussed in atomic fractions 
to maintain consistency with DFT measurements.

Depositing tungsten requires a low-oxygen environment; thus, builds
were conducted inside an argon-purged chamber constructed from a 
flexible aluminized fiberglass wall, a steel baseplate with a silicone seal, 
3 
Table 1
Mean atomic fraction (at.%) and standard deviation of principal elements 
in measured samples, recorded by EDS (𝑛=16). Alloys are identified by an 
ordered identifier and by their intended tungsten atomic %.
 Sample ID Atomic Fraction (at.%)
 (Target W%) W Ta Nb  
 1 (80) 80 ± 3 8 ± 1 12 ± 3  
 2 (60) 64 ± 2 26 ± 2 10 ± 3  
 3 (55) 56 ± 4 32 ± 2 12 ± 4  
 4 (50) 51 ± 3 37 ± 2 12 ± 4  
 5 (30) 30 ± 1 57 ± 1 13 ± 1  
 6 (20) 23 ± 1 67 ± 1 10 ± 1  

and an aluminum plate sealing the wall to the nozzle. The chamber 
was purged with argon until an oxygen content of < 10 ppm was 
achieved. This approach is capable of producing tungsten parts with 
oxygen content between 11–37 ppm [9].

DED process parameters were selected which maximized power in-
put and thus powder heating in flight. This in-flight heating is intended 
to improve homogenization of alloy components in the melt pool. For 
the Trumpf TruLaser system, the limitation on laser power and speed 
is the potential for damage to the laser optics by reflection or spatter. 
From operator experience, the maximum ‘‘safe’’ power is 4750 W, 
requiring increased speed to move the laser out of the trajectory of 
metal spatter. A speed of 500 mm/s and spot size of 3 mm produced 
consistent tracks with high particle capture; however, a quantitative 
optimization of these parameters is left out of the scope of this work. 
During deposition, the powder mass deposition rate was 0.3 g/s and 
maintained by adjusting the amplitude of vibrations in the powder 
hopper before each build. A niobium build plate was used without pre-
heating. Samples were constructed by alternating four parallel 15 mm 
tracks with ten 6 mm tracks rotated by 90 ◦. Track spacing and vertical 
offset were based on the cross-sections of single tracks; track spacing 
was set equal to half of the cross-sectional area divided by width, and 
vertical offset was equal to the track height. Examples of the resulting 
geometries are shown in Fig.  2b.

After building, samples were cross-sectioned using electron dis-
charge machining, mounted in two-part epoxy, and ground until flat. 
They were then polished using silicon carbide paper, diamond suspen-
sions, and finally colloidal alumina with particle size 0.5 μm. For two 
samples (alloys 4 and 6 in Table  1), the opposite face of the sectioned 
wall was mounted, polished, and etched with Murakami’s reagent (10 g 
potassium ferricyanide, 10 g potassium hydroxide, and 100 mL water) 
by immersing for 30 s.

Grain size was measured in alloys 1, 2, 4, 5, and 6 to test for 
any effects of alloy composition on microstructure. Backscatter SEM 
images were recorded using a Tescan Mira field emission gun, with 
channeling contrast providing qualitative information on grain ori-
entation. Working in ImageJ, a median filter with 2-pixel diameter 
was applied to reduce noise, and a grid of 10 lines (5 vertical and 5 
horizontal) was drawn. The lineal intercept method was then used to 
estimate grain size. Summary statistics and examples of micrographs 
are provided in the supplementary materials (Figure S7). A one-way 
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Fig. 2. (a) Schematic of DED nozzle operation during deposition of 3D walls, (b) examples of cross-sectioned walls demonstrating the range of geometries and 
surface finishes produced by DED.
ANOVA was performed to compare the effect of tungsten content on 
mean grain size, revealing that there was a statistically significant 
difference in grain size between at least two groups (F(23,80) = [3.34], 
p = 0.03). However, this difference is attributable exclusively to alloy 
5 (W30Ta57Nb13); excluding alloy 5, a one-way ANOVA showed no 
significant difference between the other 4 alloys measured (F(23, 51, 
64, 80) = [1.82], p = 0.2). Thus, alloy 5 is taken as an outlier from 
the otherwise similar grain sizes of the other alloys produced. This 
finding aligns with a study of W–Ta alloys processed via the same 
methodology, which found that W-15%Ta and W-21%Ta alloys had 
similar grain sizes, owing to the activation of cellular solidification 
modes [9]. The measured variations in grain size are likely caused by 
the highly heterogeneous nature of DED microstructures, rather than 
systematic or composition effects. Thus, grain sizes are treated as being 
similar in the discussion of the present results, which allows for a more 
direct comparison of cracking between the deposited alloys without 
conflating microstructural differences.

To measure microcracking, polished samples were imaged in a Ther-
moScientific ParticleX desktop microscope in the backscatter electron 
mode. Rectangular areas with areas of at least 4 mm2 were imaged by 
combining a grid of micrographs with a pixel size below 0.5 μm. Work-
ing in ImageJ, dark regions of the stitched images were selected by a 
threshold tool, including cracks, pores, and surface debris. Unwanted 
features were manually removed, and cracks were manually corrected 
by comparing to the grayscale image. Where grains had fallen out fully, 
the outermost boundary of the pit was selected to record only features 
that were in the plane of the image. Cracks were then skeletonized, 
giving them a width of one pixel, and features with a size less than 
15 pixels were removed. Finally, the total crack length was computed 
using a skeleton analysis Python library [39], and the crack length was 
compared to image area to provide a crack density measurement with 
units mm/mm2, which is directly comparable to the density of two-
dimensional crack planes in the three-dimensional sample volume. Fig. 
3 shows the steps taken to process and quantify crack images.

All crack measurements were made in the uppermost layer of the 
deposited walls (between 6–8 mm) to avoid contamination by the 
build plate, and areas with clear signs of cracking due to lack of 
fusion (e.g. delamination between deposited tracks) were intentionally 
avoided. Inside each analysis area, composition was measured by en-
ergy dispersive spectroscopy (EDS). Sixteen point scans were performed 
4 
Fig. 3. (Left to right, top to bottom) SEM image of microcracking in tungsten 
alloy, followed by manual binarization, skeletonization, and labeling.

with 20 kV accelerating voltage, and the atomic content of tungsten, 
niobium, and tantalum are reported with their standard deviations in 
Table  1.

The high-resolution analysis of cracks over a relatively small area 
imposes limitations that are known to the authors. Our measurements 
are indicative only of microcracking between grains, as other defects 
are intentionally ignored to remove the stochastic effects of DED on 
part density. While a broader analysis might indicate the overall quality 
of parts, our interest lies in a ranking of intergranular cracking in 
relation to alloy composition, and the most accurate comparison can 
be made by isolating similar regions across all conditions.
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Fig. 4. (a) contour plots of the Pugh ratio calculated using the UMA machine learning potential. (b) CALPHAD solidus temperatures calculated using Thermo-Calc. 
As the tungsten fraction increases, the Pugh ratio decreases, which is correlated with lower ductility, and the solidus temperature increases. (c) Pareto front of 
solidus temperature and Pugh ratio as a measure of ductility. A solidus temperature of 3300 K was selected as a lower limit.
3. Results and discussion

To contextualize a correlation of the Pugh ratio and ductility, the 
results of MLIP and DFT predictions are presented and compared, 
followed by an assessment of the microstructure of printed alloy spec-
imens. The alignment of empirical and theoretical results is then dis-
cussed, along with the significance of an ab initio printability predictor.

3.1. Computational results

3.1.1. Pugh ratio — melting point Pareto-front
As shown in Figs.  4a and 4b, there exists a trade-off between the 

Pugh ratio — which is correlated with ductility — and the melting 
point of the alloy. When these two quantities are plotted together (Fig. 
4c), the optimal compositions form a Pareto front (highlighted in red), 
representing alloys that locally maximize both properties. To define a 
practically relevant design window, a minimum melting point of 3300 
K was chosen based on the requirements of the proposed application 
(as discussed above). All alloys lying on the Pareto front and satisfying 
this melting point threshold contain approximately 10 atomic %Nb. 
This trend is consistent with expectations since Nb has a lower melting 
point than W or Ta. Thus, a low Nb content will ideally enhance the 
ductility of a W–Ta–Nb alloy while minimally decreasing the melting 
temperature.

3.1.2. DFT investigation of identified alloys
Density functional theory (DFT) calculations were employed to fur-

ther study the relationship between tungsten content and the Pugh ratio 
of the alloys with 10%Nb (Fig.  5a). The results from the UMA MLIP 
show a monotonic decrease in the Pugh ratio with increasing tungsten 
atomic percentage. This is expected because increasing the tungsten 
atomic percentage lowers ductility, which is correlated with a lower 
Pugh ratio. On the other hand, DFT results reveal a non-monotonic 
trend. The Pugh ratio increases with increasing the tungsten atomic 
percentage up to 40%–50% and starts decreasing at higher tungsten 
percentages. The DFT-derived softening behavior (higher Pugh ratio) 
near 40%–50% tungsten is consistent with previous observations in 
the binary W–Ta alloy system [40]. This suggests that a similar effect 
persists in the ternary W–Ta–Nb alloy when Nb content is low. A deeper 
exploration of DFT softening behavior is needed to select the most 
appropriate physical model for modeling cracking.

The origin of a softening behavior in the W–Ta–Nb alloys can 
be understood by decomposing the elastic response into its bulk and 
shear contributions (Fig.  5b). While the bulk modulus increases pro-
portionally with tungsten content, the overall shear modulus (𝐺 ) 
VRH
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exhibits a distinct plateau for tungsten percentages below 50%. This 
non-linear behavior is explained by considering the competitive and 
anisotropic nature of the two independent body-centered cubic (BCC) 
shear modes: 𝐶44 and 𝐶 ′. As shown in Fig.  6a, for alloys containing 
less than 50% tungsten, these two shear modes diverge. The tetragonal 
shear (𝐶 ′) continues to decrease, while the 𝐶44 shear reverses its trend 
and increases. These two opposite trends cause the average (𝐺VRH) 
shear modulus to plateau. This plateauing of the shear modulus is the 
reason for the softening of the Pugh ratio.

To identify the shear mode most relevant to cracking behavior, 
it is important to note that intrinsic failure in BCC metals, such as 
tungsten, results from competition between plastic shear and brittle 
cleavage under tensile loading. The 𝐶44 shear is often used to describe 
dislocation-mediated plasticity and ductile failure. However, tungsten 
is intrinsically brittle, with failure dominated by cleavage. Qi et al. [41] 
demonstrated that tungsten’s brittleness arises from shear instability 
occurring after reaching its ideal tensile strength along the tetragonal 
deformation path. Consequently, the stiffness constant associated with 
this cleavage path, the tetragonal shear modulus (𝐶 ′), is the more 
relevant descriptor for fracture resistance. Because our experimental 
observable is the crack fraction, which reflects brittle failure, we corre-
late the measured cracking tendency with the Pugh ratio defined using 
the tetragonal shear modulus, rather than the conventional form using 
𝐺VRH. This newly-defined Pugh ratio (𝐾VRH∕𝐶 ′) is plotted as a function 
of the tungsten fraction in Fig.  6b.

3.1.3. Electronic structure explanation
Fig.  6b shows a significant drop in the Pugh ratio between 50% 

and 60% tungsten atomic percentage. The electronic density of states 
(DOS) at the Fermi level provides a mechanistic explanation for this 
trend in Pugh ratio [27]. A pseudogap is a partial depletion of the 
electronic density of states (DOS) near the Fermi level, leading to larger 
energy penalties during elastic deformation and lower ductility. Pure W 
exhibits a pseudogap that coincides with the Fermi level, whereas Ta 
and Nb have their pseudogaps located above it. Alloying W with Ta and 
Nb shifts the pseudogap upward, increasing the density of states at the 
Fermi level and increasing ductility. As shown in Fig.  7a, for alloys with 
tungsten content higher than 50% (W80Ta10Nb10 and W60Ta30Nb10), 
the Fermi level lies within the pseudogap, resulting in a low DOS. 
On the other hand, alloys with 50% or lower tungsten percentage 
(W50Ta40Nb10 and W20Ta70Nb10) have their pseudogap above the 
Fermi level, indicating a high DOS at the Fermi level. Fig.  7b shows 
the relationship between the Pugh ratio and the electronic density of 
states (DOS) at the Fermi level as a function of decreasing tungsten 
fraction in W–Ta–Nb alloys. As the tungsten fraction decreases, DOS 
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Fig. 5. (a) The UMA MLIP shows a monotonic decrease in the Pugh ratio with increasing tungsten atomic percentage in W𝑥Ta90−𝑥Nb10 alloys. On the other hand, 
DFT results reveal a non-monotonic trend, which is further studied. (b) The DFT bulk modulus increases linearly as the tungsten percentage increases, whereas 
the DFT shear modulus shows a plateau up to 50% before increasing. The plateauing of the shear modulus causes the non-monotonic behavior of the DFT Pugh 
ratio.
Fig. 6. (a) The trend of the 𝐶44 and 𝐶 ′ shear modes as a function of tungsten atomic percentage. For alloys containing less than 50% tungsten, these two shear 
modes diverge. These two opposite trends cause the average (𝐺VRH) shear modulus to plateau. (b) Pugh ratio (𝐾∕𝐶 ′) calculated using the tetragonal shear (𝐶 ′), 
which was shown to be more correlated with cracking in tungsten alloys.
Fig. 7. (a) Electronic density of states plot for the different alloy compositions. The pseudogap of the alloys that have higher than 50% tungsten overlaps with 
the Fermi level. Therefore, these alloys have a lower electronic density of states at the Fermi level. (b) Relationship between the Pugh ratio and the electronic 
density of states at the Fermi level (DOS) of W–Ta–Nb alloys with decreasing W fraction. The jump in the Pugh ratio between 60% and 50% tungsten is aligned 
with the jump in the DOS.
at the Fermi level increases, and the Pugh ratio increases, indicating 
higher ductility.

The drop in Pugh ratio is caused by a jump in 𝐶 ′ between 50% and 
60% as shown in Fig.  6a. To fully understand the electronic structure 
origin of the jump in 𝐶 ′, we consider the band structure and density 
6 
of states (DOS) of the equiatomic binary TaW in the B2 structure. We 
shift the Fermi level EF to 0 and indicate the Fermi levels for elemental 
Ta (valence 5) and W (valence 6) within a rigid band model for the 
solid solution Ta1−𝑥W𝑥. Based on the orbital-projected DOS shown in 
Fig.  8a, the T  orbitals dominate around E  within the valence electron 
2g F
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Fig. 8. (a) Orbital-projected electronic band structure and density of states of TaW. Marker sizes indicate the projections onto atomic orbitals. Dashed lines 
indicate the positions of the Fermi levels at various valence electron counts within a rigid band approximation. (b) elastic components of the tetragonal shear 
(𝐶 ′) as a function of the tungsten atomic percentages.
count (VEC) range of 5 − 6 per atom. The three T2g orbitals coalesce at 
the 𝑥 = 1∕2 Fermi level at the 𝛤 𝑘-point. Two of the bands are nearly 
flat along 𝛤 − 𝑋, while the other band is dispersive and increasing 
in energy. The flat band orbitals create bonds aligned in the direction 
of nearest neighbors, contributing to both 𝐶11 and 𝐶12. The dispersive 
orbital, in contrast, contributes primarily to 𝐶11. As a result, 𝐶12 grows 
from 𝑥 = 0 to 1∕2 and then flattens beyond 𝑥 = 1∕2. Smooth growth 
of the bulk modulus 𝐾 = (𝐶11 + 2𝐶12)∕3 then requires an accelerated 
growth of 𝐶11, as is visible in Fig.  8b. This result provides an electronic 
structure explanation for the observed trend in the Pugh ratio. A more 
detailed discussion of the electronic structure and elasticity of W–Ta 
solid solution is reported in a separate study [42].

3.2. Experimental results

The computational work identified the W𝑥Ta90−𝑥Nb10 alloy compo-
sitions as those with maximized Pugh ratios and solidus temperatures 
meeting criterion of 3300 K (Fig.  4). Subsequently, a subset of six 
alloys identified in Table  1 were produced via PB-DED. Observations 
of key microstructural features are discussed here in relation to crack 
formation.

3.2.1. Microstructure
The microstructures of deposited specimens demonstrated signifi-

cant heterogeneity due to the variable thermal conditions imposed by 
DED. Depositing on a room temperature plate led to low melt-in; thus, 
delamination from the plate was observed (Fig.  9). In the first few 
layers, inter-track melt-in was additionally low, leading to a lack of 
fusion. No solidification cracking was observed due to the low laser 
speed (300 mm/min) and large spot size (3 mm) used in DED. Thus, 
the primary process-induced defect was a lack of fusion, which may 
be resolved in future work through an optimization of the build plate 
temperature and print scheduling.

The lowest layers of each specimen demonstrated a significant pop-
ulation of unmelted particles due to the significant difference in melting 
points between tungsten, tantalum, and niobium. Fig.  9 compares alloys 
6 and 4 (W23Ta67Nb10 vs. W51Ta37Nb12, respectively) to show that a 
sample with higher tungsten content has a visibly greater number of 
unmelted particles. The issue of non-melting tungsten during DED has 
been demonstrated in a previous study [43] where it was found that 
the accumulation of heat increased the dissolution of tungsten into the 
molten pool during deposition. Presently, tungsten dissolution is seen 
to progressively increase with each layer of the build as temperature 
rises. In Fig.  9b, etching with Murakami’s reagent has revealed regions 
with high tungsten content (greater than 40 atomic %). Higher tungsten 
is visible in the upper centers of melt tracks, and in the topmost 
deposited layer, the matrix was etched uniformly. As reported in Table 
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Fig. 9. Cross-sections of (a) W23Ta67Nb10 and (b) W51Ta37Nb13 walls after 
etching with Murakami’s reagent. Unmelted particles are more common in 
the lower layers of walls and in the W51 alloy. Regions with visible grain 
structure have greater than 50 percent tungsten, showing that the uppermost 
regions achieved the greatest homogeneity due to heat accumulation.

1, the composition of this region was near the targeted composition of 
W50Ta40Nb10. Fig.  10 compares regions 1 mm from the bottom and 
top of the W64Ta26Nb10 alloy to show the extent of homogenization 
that gradual, layer-wise heating produced. EDS mapping confirms that 
particles in the base region are tungsten and tantalum (Fig.  10b). The 
matrix phase in the EDS region consisted of 51 atomic % niobium, while 
the niobium content in the entire region was 31% (10% was targeted). 
In the upper region, individual particles are not visible, and tungsten 
content is spatially constant (Fig.  10d). Thus, a measurement which 
isolates compositional effects on cracking is possible in the tops of each 
deposited wall.

3.2.2. Cracking
Throughout the microstructures of alloys 1–4, intergranular micro-

cracking was ubiquitous. BSE micrographs of areas without lack of 
fusion defects showed cracking between both columnar and equiaxed 
grains as well as an absence of intragranular cracking (Fig.  10c). The 
observed defect pattern supports the initial hypothesis that, even within 
macroscopically uniform areas of deposited alloys, thermal stress leads 
to microscopic cracking along the relatively brittle grain boundaries. 
Intergranular cracking is favored due to lattice misfit and, in tungsten 
alloys, grain boundary oxidation [44,45]; in the present single-phase 
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Fig. 10. (Micrographs from the W64Ta26Nb10 alloy. (a) Unmelted tungsten and tantalum particles in a niobium-rich matrix ≈ 1 mm from the specimen base and 
(b) EDS maps of principal elements inside the highlighted scan region. (c) Homogenized alloy mixture in the crack measurement region ≈ 1 mm from the upper 
sample surface and (d) EDS map of tungsten to demonstrate compositional homogeneity).
alloys, these factors are not expected to be eliminated by altering com-
position. Thus, intergranular cracking may vary because of differences 
in elasticity. In simple terms, stresses develop inside the microstructure 
due to anisotropy in the coefficient of thermal expansion and the lattice 
misorientation of grains. A lattice with low shear modulus can deform 
to accommodate this misfit stress, while a high-modulus lattice splits 
along boundaries with a high misorientation angle. We are interested 
in testing if the observed cracking is controlled by the grain boundary 
or by the lattice in this situation. If grain boundary character domi-
nates, cracking will be consistent across alloys; whereas, if elasticity 
dominates, cracking will align with the Pugh ratio. In the next section, 
we resolve that hypothesis quantitatively.

3.3. Cracking — Pugh ratio correlation

Fig.  11 presents the average crack fractions of printed W–Ta–Nb 
alloys measured within representative areas (as discussed in the sup-
plemental materials). Error bars indicate the standard deviation of 
tungsten composition (as measured by EDS). Alongside the crack frac-
tion is the inverse of the Pugh ratio. The inverse Pugh ratio was used 
to more easily show the correlation with crack fraction. When the 
ductility is high, both the inverse Pugh ratio and the crack fractions 
are low. Consistent with the inverse Pugh ratio, alloys with higher 
tungsten content exhibit greater crack fractions, while those with lower 
tungsten content show significantly reduced cracking. Overall, Fig. 
11 demonstrates a correlation between the inverse Pugh ratio and 
the crack fraction. DFT results for both ordered and disordered SQS 
structures are included for comparison. The experimental data fall 
between the ordered and SQS trends, but align more closely with the 
SQS results, consistent with the solid-solution nature of these alloys. 
This suggests that the inverse Pugh ratio can serve as a computational 
proxy for cracking behavior in additively manufactured tungsten-based 
refractory alloys, with additional dependence on processing conditions 
and defects. Notably, the W20Ta70Nb10 and W30Ta60Nb10 alloys ex-
hibit no visible intergranular cracking, making them strong candidates 
for future studies to eliminate processing-related defects and examine 
mechanical properties.
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4. Conclusion

Tungsten has exceptional thermal and chemical properties, which 
make it ideal for extreme environment applications. However, the 
low ductility of tungsten precludes the use of additive manufacturing, 
which is essential to the production of complex parts. Rather than 
screen testable alloys based on strength, this work advanced the duc-
tility of high melting-point alloys. We established a new definition of 
the Pugh ratio (K/𝐶 ′) as a criterion for intrinsic ductility by developing 
several novel conclusions:

• The UMA machine learning interatomic potential was used to 
screen the W–Ta–Nb alloy compositions and identify the alloys 
with 10% Nb to be optimal on the Pugh ratio and melting point.

• DFT was used to calculate the Pugh ratios of the 10% Nb alloys 
more accurately and develop an electronic explanation of the 
trend in the Pugh ratio.

• The tetragonal shear (𝐶 ′) was used instead of the average shear 
modulus (𝐺VRH) to calculate the Pugh ratio because it was shown 
to correlate better with the cracking mechanism of tungsten 
alloys.

• In printed WxTa90−xNb10 alloys, macroscopic defects were pre-
dominantly caused by lack of fusion, porosity, and unmelted 
particles, while the primary microscopic defect was intergranular 
cracking.

• The ratio of intergranular crack length to image area shows a 
reasonable agreement with the inverse Pugh ratio in the exam-
ined alloys. Notably, the W20Ta70Nb10 and W30Ta60Nb10 alloys 
exhibit no visible intergranular cracking, making them strong 
candidates for future mechanical property studies.

These results provide a strong foundation for the further exploration 
of printable RMPEA compositions. Using Pugh ratio as a screening 
criterion, our alloy search can be more easily expanded to a broader 
range of elements and include quaternary and penternary compositions. 
Future work will seek to increase the strength of the W20Ta70Nb10 and 
W30Ta60Nb10 alloys by eliminating processing defects and incorporat-
ing an oxide dispersion.
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Fig. 11. Correlation between the inverse Pugh ratio (𝐶 ′∕𝐾VRH) and crack fraction as a function of the tungsten fraction of the alloys. Examples of cracking in 
equally-sized micrographs from samples with minimum (23%) and maximum (80%) tungsten; cracks have been artificially traced after skeletonization for visual 
clarity.
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