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A B S T R A C T   

Single-phase body-centered cubic refractory complex concentrated alloys (RCCAs), exhibit strength retention at 
temperatures above the melting points of conventional Ni-based superalloys. However, their lack of room 
temperature tensile ductility leads to cracks during processing and/or premature failure under mechanical 
loading when fabricated by laser-based metals additive manufacturing (AM). We present an alloy design 
framework for tensile ductility in non-equimolar RCCAs amenable to AM processing within the 
Ti–V–Cr–Nb–Zr–Ta system. First, density functional theory (DFT) and machine learning informed screening of 
alloy compositions were used to down-select ~106 alloys with potential for tensile ductility. Next, Scheil so-
lidification modeling was used to eliminate compositions most at risk for micro-segregation and solidification 
cracking based on the estimated freezing range of each alloy. This led to the design of two new, representative 
alloys: Ti0.4Zr0.4Nb0.1Ta0.1 and Ti0.486V0.375Ta0.028Cr0.111. These alloys were evaluated for rapid solidification 
defect formation using in-situ synchrotron melt pool imaging, fabricated via laser powder bed fusion (L-PBF) AM, 
and then characterized for processing defects, microstructure, and mechanical properties. Overall, both alloys 
achieved tensile yield strengths >800 MPa and failure strains >5 %. However, the occurrence of un-melted 
powders of high melting point elements likely resulted in premature failure during tensile straining. Consider-
ations about mitigating this defect source are discussed and the role of local micro-segregation on ductility are 
elucidated. Overall, these results highlight the success of our framework, and show potential for laser-based AM- 
RCCAs with tensile ductility.   

1. Introduction 

The design, synthesis, and processing of BCC refractory complex 
concentrated alloys (RCCAs) has undergone rapid development since the 
first identified composition (the equiatomic MoNbTaW alloy) reported 
by Senkov et al., [1]. While FCC multi-component alloys have been also 
been investigated (e.g. CrCoNi-based high entropy alloys), Ti-based 
RCCAs, such as Nb45Ta25Ti15Hf15 and HfNbTaTiZr, have shown 
enhanced strength/ductility synergy resulting from the activation of 

multiple slip systems during deformation [2]. Single-phase BCC RCCAs 
containing high concentrations of elements from Group IV (Ti, Zr, Hf), 
Group V (V, Nb, Ta), and Group VI (Cr, Mo, W) families possess excellent 
strength and strength retention under extreme environments and show 
potential as successors to conventional Fe- and Ni-based superalloys in 
next generation power sources as a result of significant solid solution 
strengthening maintaining high strength at elevated operation temper-
atures, increasing turbine efficiency [3]. However, most RCCAs contain 
large amounts of high-melting temperature elements, which negatively 
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impacts their room-temperature ductility and fracture toughness. 
Overall, this lack of room temperature ductility and fracture toughness 
is a major concern that significantly hinders both manufacturing and 
in-service applications of many candidate alloys. 

The need to enhance room-temperature ductility and toughness 
originates from a desire to fabricate near-net-shaped components across 
multiple sectors [4]. However, conventional synthesis and processing 
routes for RCCAs are complicated by large differences in melting tem-
peratures of constituent elements which can make it difficult to produce 
bulk materials with homogeneous structure and composition using 
standard arc or induction melting techniques [5]. Additionally, sub-
tractive manufacturing methods may be impractical (or impossible) for 
RCCAs containing a high percentage of refractory metals. Importantly, 
the microstructures of as-cast alloys are sensitive to the solidification 
rate; increasing solidification rates have been shown to reduce micro 
segregation, refine grain size, and result in higher microhardness values 
compared to conventional cast alloys [6–8]. This highlights the potential 
for paradigm changing rapid solidification techniques such as metals 
additive manufacturing (AM) to take advantage of these benefits. 

While prevalent in the literature, studies on AM-RCCAs have led to 
mixed successes; in general, only a subset of potential candidates were 
successfully printed without significant manufacturing defects such as 
solidification cracking and keyhole porosity. Only a small number of 
fully-dense RCCA candidates successfully printed via metal AM have 
shown tensile ductility (i.e., [9–11]). This is because process outcomes 
for AM-RCCAs largely depend on both material composition and AM 
process variable selection; for example, low melting temperature Nb 
content was depleted in laser powder bed fusion (L-PBF) MoNbTaW [12] 
due to significant elemental vaporization, as opposed to an increased Nb 
content in directed energy deposition (DED) MoNbTaW [8] wherein a 
propensity for complete melting has more influence on final composi-
tion. Furthermore, large macroscopic porosity and cracks were discov-
ered for DED MoNbTaW [8] as compared to fully dense L-PBF 
MoNbTaW in Ref. [12] due to non-optimal processing parameter se-
lections. Depending on the freezing range of specific alloy compositions, 
solidification cracking defects may occur even for relatively ductile 
compositions. These studies point to the difficulty in rapid solidification 
processing of RCCAs, and the need for a robust alloy design framework 
considering AM processing science. 

In this study, we leverage an alloy design strategy for L-PBF of 
representative RCCAs from the Ti–V–Cr–Nb–Zr–Ta system with room 
temperature ductility based framework spanning multiple length scales: 
(i) alloy screening by first-principles density functional theory (DFT) 
aided machine learning, (ii) Scheil solidification modeling for hot 
cracking susceptibility, (iii) melt pool level in situ synchrotron dynamic 
x-ray radiography (DXR) imaging to develop a process map avoiding 
laser-material interaction defects, and (iv) laser powder bed fusion (L- 
PBF) AM printing of bulk samples for mechanical testing. We employ a 
DFT-based machine learning model on the atomistic scale to predict 
alloys with ductility potency based on our prior work [13] [15], then 
leverage thermodynamic calculations using the CALculation of the 
PHAse Diagram (CALPHAD) approach for the assessment of phase sta-
bility and AM printability. This framework was applied to manufacture 
two, non-equiatomic alloys using L-PBF AM: (i) Ti0.4Zr0.4Nb0.1Ta0.1 and 
(ii) Ti0.486V0.375Ta0.028Cr0.111, which were tested under uniaxial tension 
loading. While other studies have largely focused on trial-and-error type 
approaches to identify alloy compositions for AM-RCCAs (i.e., based on 
previously known ductile compositions) [10], our framework is specif-
ically designed to be robust and predictive, leveraging physics-based 
models of arbitrary combinations of elements to determine potential 
compositions. As such, the framework can be extended to consider alloys 
with potential applications for both room temperature and 
high-temperature performance. 

2. Materials and methods 

2.1. First-principles calculations and ML-based surrogate modeling 

First-principles calculations based on density functional theory 
(DFT) were combined with a ML regression approach to develop sur-
rogate models that can efficiently predict the unstable stacking fault 
energy, γusf and surface energy γsurf for the 〈111〉{110} slip system in 
multicomponent BCC alloys according to their chemical compositions 
(Fig. 1a), following computational approaches developed earlier 
[13–17]. Specifically, DFT calculations were performed to sample γusf 
and γsurf for a series of binary, ternary, and multicomponent composi-
tions. The calculation results were separated into training and validation 
datasets to develop the surrogate models using a ML-based regression 
method established in our prior research. The regression was carried out 
with a set of physics-based descriptors from a bond-counting model and 
atomistic/electronic structure feature parameters. More detailed eluci-
dation on the model construction can be found in Ref. [13] A systematic 
prediction of γusf and γsurf was performed using the developed surrogate 
models across various alloy compositions to search for candidates that 
may have enhanced strength-ductility synergies in a vast compositional 
space containing Groups IV–VIII elements (i.e., Ti, Zr, V, Nb, Ta, Mo, W, 
Re, and Ru) and oxide forming elements (i.e., Al, Cr). Note: due to the 
high pyrophoricity of Hf powders (for follow on AM printing using 
elemental powder blends), Hf was omitted from the overall screening. 
For every alloy composition, its D parameter was calculated as D =
γsurf/γusf to evaluate whether the alloy is intrinsically ductile according 
to the Rice model [13,18]. The Rice model attributes the intrinsic brit-
tleness and ductility of a bulk material to a competition between 
continuous crack propagation and dislocation emission at a crack tip. 
The ease of crack propagation can be related to γsurf of the cleavage 
crystal plane, while ease of dislocation emission can be related to γusf 
based on the Peierls-Nabarro model of dislocation formation and 
movement. Therefore, a higher ratio of γsurf/γusf, i.e. a larger D, would 
imply plastic deformation associated with dislocation emission is more 
likely to happen at a crack tip rather than a brittle cleavage fracture, 
consequently leading to better ductility. 

Additionally, our previous work indeed uncovered that values of the 
D parameter show strong positive correlations with the experimentally 
measured compression fracture strain of many RCCAs [13]. Particularly, 
the RCCAs with a compression fracture strain larger 40 % were found to 
have D > 3.0 in general [19]. Since high fracture strain under 
compression is a necessary (but not sufficient) condition for to achieve 
high ductility, these correlations indicate that this D parameter is 
effective for the first-step screening of RCCAs ductility. Among the 
initially screened ~106 alloys, approximately ~104 alloys had D > 3.0, 
which were further screened for AM printability via Scheil solidification 
simulation using the Thermo-Calc Software and the TCHEA4 database 
[20] and the Kou hot cracking model [21,22] compared to values for 
316L stainless steel and H13 tool steel which are L-PBF AM printable 
materials. Fig. 1b demonstrates the hot crack susceptibility index, 
wherein a higher value of 

⃒⃒
dT /d

̅̅̅̅
fs

√ ⃒⃒
, in which T is temperature and fs is 

the solid fraction in the semisolid, near 
̅̅̅̅
fs

√
= 1.0 indicates a propensity 

for cracking defects. These selection steps led to approximately ~102 

alloys, from which two representative alloys were chosen overall: 
Ti0.4Zr0.4Nb0.1Ta0.1 and Ti0.486V0.375Ta0.028Cr0.111 (values in at. frac-
tion). These two alloys were considered as “representative” as they 
considered a range of D parameter values, freezing ranges, and solidi-
fication gradients (Table 1) which influence material performance and 
susceptibility to cracking during solidification [22]. In particular, these 
alloys were specifically selected to have a small freezing range 
(<100 ◦C) as this typically reduces the susceptibility to solidification 
crack formation and micro segregation under AM processing [21,23]. 
The CALPHAD predicted phase diagrams in Fig. 1 c and d show 
single-phase BCC structure above 1200 ◦C for both alloys. 
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2.2. In-situ DXR experiments and process modeling for keyhole and LOF 
defects 

To quantify the potential occurrence of laser-powder interaction 
defects during rapid solidification (e.g., solidification crack formation 
and porosity transfer) and to develop a processing map for follow on L- 
PBF AM printing, in-situ DXR experiments were conducted at the 32-ID-B 
beamline of the Advanced Photon Source at Argonne National Labora-
tory [24–26]. DXR provides real-time imaging of defect transfer and can 
be employed as a high-throughput analysis technique; Importantly, this 
is not possible using standard single-bead experiments and destructive 
analysis. Model material discs of Ti0.4Zr0.4Nb0.1Ta0.1 and Ti0.486V0.375-

Ta0.028Cr0.111 were fabricated using vacuum arc melting (Sophisticated 
Alloys Inc) and homogenized at 1200 ◦C for 24 h in an inert atmosphere 
(Fig. 1c and d) [25,26]. After furnace cooling, rectangular 40 mm long, 
3 mm tall and 0.4 mm thick specimens were extracted using wire EDM 
for in-situ DXR experiments. In more detail, high-energy x-rays were 
used to directly visualize laser-matter interaction defects including so-
lidification cracking and porosity formation under conditions repre-
sentative of L-PBF for both RCCAs samples. This was done by 
simultaneously illuminating an area containing the melt pool and vapor 
cavity using polychromatic x-rays while a scanning laser impinged 
across the long edge of the specimen. Incoming x-rays transmitting 
through the sample thickness were collected on a scintillator and 
transformed to visible light images that were captured using a 

high-speed camera placed behind at a frame rate of 50 kHz and spatial 
resolution of 2 μm. An ytterbium fiber scanning laser with wavelength of 
1070 nm, spot size of 80 μm, and a Gaussian beam profile was used to 
provide laser power (P) between 150 W < P < 450 W. A galvo scanner 
enabled the laser to scan across the sample surface at speeds between 0.3 
< V < 1.2 m/s. Approximately 30 experiments were recorded for each 
RCCA specimen to evaluate the influence of different combinations of 
P–V on defect formation. All experiments were performed under 1 atm 
Ar protective gas and with no powder layer on top. Postprocessing of the 
DXR images was undertaken using a custom python script to enhance 
features of interest using background division [12]. 

Optimized L-PBF printing parameters were selected using a combi-
nation of in-situ DXR results and Rosenthal-based melt pool geometry 
estimation to identify the process window for both compositions. In 
more detail, the Rosenthal equation (1) is a well-established solution to 
the differential equation modeling the steady state temperature field of a 
moving point source of heat on an infinite plane. 

T=T0 +
Q

2πkR
exp

(
V(z − R)

2α

)
(1)  

Where T is the temperature at the location of interest, T0 is the tem-
perature at infinity, Q is the absorbed power, V is the velocity of the 
moving point source, k is the thermal conductivity, α is the thermal 
diffusivity, and R is the distance of the point of interest to the point 
source (R =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
x2 + y2 + z2

√
). Using this equation, plugging in the 

Fig. 1. Framework for tensile ductility in RCCAs made by L-PBF AM using (a) first-principles and surrogate ML model screening of ductile compositions with D > 3.0. 
(b) Alloys were additionally screened for L-PBF printability via Scheil solidification and Kou hot cracking model. Predicted CALPHAD phase diagram of down- 
selected alloys: (c) Ti0.4Zr0.4Nb0.1Ta0.1 and (d) Ti0.486V0.375Ta0.028Cr0.111. 

Table 1 
Atomistic and thermophysical material parameters for both selected compositions.  

Composition γsurf (J/m2) γusf (J/m2) D-parameter Tmelt (◦C) Freezing Range (◦C) dT/dfs1/2 (◦C) 

Ti0.4Zr0.4Nb0.1Ta0.1 1.67 0.44 3.8 1642 60.3 193.3 
Ti0.486V0.375Ta0.028Cr0.111 2.01 0.64 3.1 1598 10.2 93.3  
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melting temperature Tm of the material for T and rearranging, the depth 
(D) of the melt pool boundary can be approximated. The manipulated 
equation (2) can be seen below. 

D=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2Q

πρeCpV(Tm − T0)

√

(2)  

Where ρ is the material density and Cp is the heat capacity. Using this, 
and assuming a hemispherical melt pool (the width (W) is twice the 
depth). These predicted dimensions of the melt pools were then used to 
find appropriate processing parameters using the geometric lack of 
fusion equation (3) [27]. 
(

H
W

)2

+
(

L
D

)2

≤ 1 (3)  

Where H is hatch spacing and L is layer height. Having a value that is less 
than one indicates geometrically that the sample should be fully dense, 
and above one the sample should show the lack of fusion defect caused 
by incomplete melting. 

To calculate the keyhole melt pool boundary, normalized enthalpy 
was calculated based on ratio between deposited energy density (ΔH) to 
the enthalpy at melting (hs), or: 

ΔH
hs m

= AP
πhs

̅̅̅̅̅̅̅̅̅̅
αva3

√ >
πTb

Tm
(4)  

Where Tb is the boiling temperature, Tm is the melting temperature, 
where A is the laser absorptance, P is the laser power, α is the thermal 
diffusivity, ν is the scan speed, and a is the beam radius. Normalized 
enthalpy has been recently demonstrated to be effective in quantifying 
the relationship between the laser absorption and cavity depth under 
transient conditions using DXR imaging of Ti–6Al–4V [28]; thus, it’s use 
in this study is justified. Importantly, keyhole melt pools do not guar-
antee keyhole pores, but unstable keyholes create the opportunity for 
keyhole porosity. Keyhole melt pools were quantified as possessing a 
depth to width ration (D/W) greater than 0.5. Table 2 provides the 
thermophysical quantities used in process modeling for each alloy. 
These thermophysical quantities were calculated using the CALPHAD 
approach and the TCHEA4 database. 

2.3. Bulk L-PBF processing 

Elemental powder blends of and Ti, Zr, Nb, and Ta 
(Ti0.4Zr0.4Nb0.1Ta0.1) and Ti, V, Cr, and Ta (Ti0.486V0.375Ta0.028Cr0.111) 
were separately mixed in batches for approximately 1 h in an Inversina 
2L tumbler-mixer to create powder blends (Fig. 2a). Elemental powders 
were used instead of pre-alloyed powders for L-PBF AM in this study 
based on a few important considerations, namely their recent (and 
common usage) to manufacture defect-free bulk AM-RCCA samples in 
other studies in the literature such as [29,30], their enhanced 
cost-effectiveness, and the difficulty in sourcing customized, pre-alloyed 
powders from industrial sources. Additionally, the use of elemental 
powders enables high-throughput assessment of 
process-structure-property relationships for arbitrary compositions; 
something that is not feasible via pre-alloyed powders. Powder sizes 
ranged in size between 15 and 45 μm, and (except for Zr powders) 
possessed spherical geometries. The use of non-spherical elemental Zr 
was chosen since spherical Zr powders possess extremely high 

pyrophoricity. 
Elemental powder blends were printed on the L-PBF AM (DiAM) 

system at Lawrence Livermore National Lab (LLNL) within an Ar pro-
tective gas environment [31]. Unlike in Ref. [31], this work did not 
employ the secondary diode laser for preheating or in-situ annealing. 
Process mapping experiments were used to determine the optimal 
parameter selection for each alloy based on Archimedes density using 
cubes of approximately 10 mm3. Optimized process variables were 
determined as follows for both compositions: laser power of 250 W, scan 
speed of 750 mm/s, hatch spacing of 90 μm, Layer thickness of 40 μm. 
Bulk rectangular geometries of approximately 22 mm long, 8 mm tall, 
and 5 mm wide (Fig. 2b) were fashioned using optimized parameter sets 
for follow on mechanical testing and microstructural characterization. 

2.4. Tensile testing 

Displacement-controlled tensile testing was completed to measure 
the tensile strength and ductility of the AM-RCCAs. Two tests were 
completed for the two compositions using sub-size specimens with gage 
width of 1.20 mm (Fig. 2c). All the samples were made and tested from 
the orientation orthogonal to the build direction. Testing was performed 
using a servo-electric test stand at a displacement rate of 0.1 mm/min, 
per the ASTM E8 standard, until failure. Force was recorded during the 
test using a 1 kN load cell and engineering stress was computed by 
dividing by the initial cross-sectional area. Strain was measured from 
digital image correlation (DIC) using VIC 2D software. One DIC image 
per second was using a five MP camera. The coupons were prepped for 
DIC by spray painting the gauge section white and adding a black 
speckle pattern using an airbrush. The speckle size was small enough to 
capture the small changes in strain across the length of the coupon; each 
speckle measured about 6–10 pixels in diameter. A subset size of 39 
pixels was used to ensure each subset contained 3x3 speckles. With this 
subset size, a noise floor of 250 microstrain was achieved. The strain 
data that was exported from VIC 2D was quantified using a virtual 
extensometer spanning the length of the gauge section of the coupon. 

2.5. Microstructural characterization 

Microstructure was characterized using scanning electron micro-
scopy (SEM), electron backscatter diffraction (EBSD), and energy 
dispersive spectroscopy (EDS) after each sample surface was ground and 
polished to EBSD quality using colloidal SiO2. SEM, EBSD, and EDS data 
were taken on a TESCAN MIRA-3 FEG (beam energy of 30 keV) at the 
University of Michigan Center for Materials Characterization. X-ray 
diffraction (XRD) was performed to quantify bulk phase information 
using a Rigaku Smart Lab XRD at 40 keV. 

3. Results 

3.1. In situ DXR and process modeling results 

Fig. 3 compares the in-situ DXR experiments with process modeling 
for LOF and keyhole defect boundaries. It is readily evident that the melt 
pool morphologies for both samples follow systematic trends within P–V 
process space; low laser powers and high scanning velocities result in 
shallow melt pools, whereas high powers and low velocities lead to 
significant increases in depth-to-width aspect ratio (D/W) indicating 
keyhole melt pools. Intermediate selections of power and velocity show 

Table 2 
Thermophysical parameters used in process modeling.  

Composition Density (g/cm3) Heat capacity (J/K/mol) Boiling Point (K) Specific Enthalpy (kJ/mol) Diffusivity (m2/s) Laser 
Absorptance 

Ti0.4Zr0.4Nb0.1Ta0.1 6.93 25.48 3903 7.742 1.37E-05 0.24 
Ti0.486V0.375Ta0.028Cr0.111 5.65 25.08 3239 6.141 1.11E-05 0.21  
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semicircular melt pool, indicative of conduction mode melting. DXR 
results also showed limited keyhole porosity development where only 
melt pools with D/W greater than D/W = 0.5 showed keyhole porosity 
in the high-P/low-V regions [26]. Interestingly, all keyhole melt pools 
for both compositions evaluated in this study were discovered to 
generate keyhole porosity. These melt pools are outlined in red boxes in 
Fig. 3. In comparison, only a small subset of process variables showed 
incomplete melting indicating LOF defects. Comparatively, process 
modeling provides the lower bound of the process window (equation 
(3)) in blue denoting LOF porosity whereas the upper boundary of the 
process window (equation (4)) denoting keyhole melt pools is shown in 
red in Fig. 3a and b. Overall, process modeling for the LOF and keyhole 

defect boundaries show good agreement with DXR images and enabled 
the selection of optimized process variables within the process window 
(green regions of Fig. 3) of each alloy for follow on AM processing. 
Overall, solidification crack formation was not discovered during in situ 
DXR measurements across all P–V combinations for either alloy. This 
highlights the success of our screening approach for L-PBF printability. 

3.2. Tensile testing 

Tensile results for both alloys are presented in Fig. 4. An example of 
room temperature testing behavior for Ti0.4Zr0.4Nb0.1Ta0.1 is presented 
in Fig. 4a. It is evident that the composition possesses tensile ductility 

Fig. 2. (A) Elemental powder blends were used to manufacture both compositions using (b) L-PBF on the DiAM system at LLNL. (c) Sub-sized samples were removed 
from bulk materials and tested under uniaxial tension to failure. 

Fig. 3. In-situ DXR images and associated keyhole and LOF bounds: (a) Ti0.4Zr0.4Nb0.1Ta0.1 and (b) Ti0.486V0.375Ta0.028Cr0.111. DXR images with red outlines in 
keyhole regime possess D/W > 0.5 and showed the formation of keyhole porosity. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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(defined as >4 % uniform strain to failure in Ref. [9]), reaching a strain 
to failure of 5.1 ± 0.7 % (Table 3). Overall, the tensile properties are 
similar to other β-Ti alloys made by L-PBF, with Young’s Modulus of E =
59 ± 0.2 GPa and yield strength of σy = 819 ± 1.4 MPa in the as-built 
AM state. Additionally, little to no strain hardening is evident up to 
sample fracture. Comparatively, the tensile results for Ti0.486V0.375-

Ta0.028Cr0.111 are presented in Fig. 4b. This alloy possesses enhanced 
yield strength (σy = 879 ± 2.2 MPa) and increased ductility (failure 
strain of εf = 17.7 ± 3.7 %) compared to Ti0.4Zr0.4Nb0.1Ta0.1. 

This difference in tensile behaviors between Ti0.4Zr0.4Nb0.1Ta0.1 and 
Ti0.486V0.375Ta0.028Cr0.111 can be understood based on higher unstable 
stacking fault energy γusf,B = 0.64 J/m2 versus γusf,A = 0.44 J/m2. Since 
γusf is related to yield strength, higher values of σy in composition can be 
expected. Additionally, Ti0.486V0.375Ta0.028Cr0.111 has a higher modulus 
of 100 GPa, closer to HCP α-Ti. This can be partially explained due to the 
high percentage of titanium [32,33], but is nevertheless interesting 
given the large concentration of V and Cr (both β stabilizers). Overall, 
both alloys exhibited yield strengths >795 MPa and strains to failure >6 
% highlighting the power of our screening framework for identifying 
alloys with ductility potency. 

3.3. As-built microstructure and phase distribution 

The as-built microstructure for both compositions is presented in 
Fig. 5. Ti0.4Zr0.4Nb0.1Ta0.1 and Ti0.486V0.375Ta0.028Cr0.111 show micro-
structures and complex grain morphologies typically observed for 
metals undergoing rapid solidification processing. Ti0.4Zr0.4Nb0.1Ta0.1 
possesses a smaller average grain size of 33.2 μm, versus 42.3 μm for 
Ti0.486V0.375Ta0.028Cr0.111 (Table 3). However, both samples suffer from 
incomplete melting of powder particles likely attributed to non-optimal 
processing variables (Fig. 5b and f). This is shown by energy dispersive 
spectroscopy (EDS) results which indicates that these particles are 
largely Nb and Ta in Ti0.4Zr0.4Nb0.1Ta0.1, and un-melted powders in 
Ti0.486V0.375Ta0.028Cr0.111 largely consist of V and Cr elements (Fig. 5c 
and g). 

X-ray diffraction (XRD) of both alloys confirm that the bulk phase 
distribution of Ti0.4Zr0.4Nb0.1Ta0.1 and Ti0.486V0.375Ta0.028Cr0.111 

exhibit the prominent single-BCC phase expected for these alloys (Fig. 1c 
and d); this is consistent with previously published literature for 
TiNbZrTa and TiVCrTa [34–38] (Fig. 6). Interestingly, the incomplete 
melting of powder particles is evident by extraneous peaks for constit-
uent elements in Fig. 6 (i.e., Ta, Nb, and Ti in Ti0.4Zr0.4Nb0.1Ta0.1 and Ta 
in Ti0.486V0.375Ta0.028Cr0.111). However, due to the distribution of the 
un-melted particles and their size relative to the measurement volume, 
the occurrence and significance of these elements in a particular scan is 
variable based on what is locally captured in the specific scan volume. 
For example, while the presence of un-melted elemental V can be 
observed in Ti0.486V0.375Ta0.028Cr0.111 (Fig. 5g), these particles were not 
captured in the XRD sample volume and elemental V peaks are absent. 
Additionally, the relatively high peak intensity of some elemental planes 
may be attributed to a disproportionately high concentration of corre-
sponding particles in the scan volume. Furthermore, many of these 
constituent elements also share similar peak positions to one another 
resulting in additive peak intensities as well as broadening at some of 
these positions. These results for microstructure and phase distribution 
show that un-melted powder particles likely influence both mechanical 
behavior and chemical heterogeneity of the samples and as such will be 
further discussed in Section 4.1, where the samples with less deleterious 
defects (e.g., Sample 1 for each composition), will be evaluated. 

4. Discussion 

4.1. Role of composition, microstructure, and defects on tensile 
performance 

Single-phase BCC RCCAs containing high concentrations of elements 
from Group IV (Ti, Zr, Hf), Group V (V, Nb, Ta), and Group VI (Cr, Mo, 
W) families possess excellent strength and strength retention under 
extreme environments. However, significant differences in both strength 
and ductility between compositions were observed. While differences in 
yield strength were anticipated based on unstable stacking fault energy, 
the significant variation in tensile strain to failure for 
Ti0.4Zr0.4Nb0.1Ta0.1 (εfailure = 6 %) versus Ti0.486V0.375Ta0.028Cr0.111 
(εfailure = 21.5 %) necessitates further consideration. 

Fig. 4. Engineering stress-strain for curves for: (a) Ti0.4Zr0.4Nb0.1Ta0.1 and (b) Ti0.486V0.375Ta0.028Cr0.111. Insert showing single DIC image of full-field strain 
development during tensile testing. 

Table 3 
Mechanical and microstructure properties.  

Composition EDS Composition (at. fraction) E (GPa) σy (MPa) σUTS (MPa) εfailure (%) Avg grain size (μm) 

Ti0.4Zr0.4Nb0.1Ta0.1 Ti0.31Zr0.28Nb0.28Ta0.14 59 ± 0.2 819 ± 1.4 877 ± 2.9 5.1 ± 0.7 33.2 
Ti0.486V0.375Ta0.028Cr0.111 Ti0.49V0.36Cr0.12Ta0.03 95 ± 3.5 879 ± 2.2 972 ± 5.4 17.7 ± 3.7 42.3  
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Since Ti0.4Zr0.4Nb0.1Ta0.1 possesses a higher D parameter (D = 3.8) 
compared to Ti0.486V0.375Ta0.028Cr0.111 (D = 3.1), it is likely that dif-
ferences in ductility between the compositions can be satisfactorily 
explained by considering microstructure or AM process-related defects 
(i.e., porosity and un-melted particles). This is based on our hypothesis 
that alloys with D > 3.0 show ductility tendency. As shown in our prior 
work [13,14], alloys with D > 3.0 show a strong tendence to be intrin-
sically ductile; however, it is important to note here that this does not 
indicate that higher values of D certainly correlate with increased 
ductility. For example, F igure 10 in Ref. [39] shows several alloy cases 

with D > 3.0 but low fracture strain measured in experiments, possibly 
due to the effects of microstructures and/or impurities that cannot 
predicted by the D parameter. Additionally, the TiZrHfNb and 
Ti1.5ZrHf0.5Nb0.5Ta0.5 alloys have comparable D parameters (~3.8) but 
show different tensile failure strains (14.9 % vs. 18.8 %) [40,41]. These 
examples further suggests that disparities in strain to failure between the 
alloys investigated in this study are indeed the result of microstructure 
or AM processing related defects versus atomistic properties, however 
the influence of composition on ductility may play a role and will be 
subject of future studies on chemical homogenized samples (e.g. vacuum 
arc-remelting). 

Additionally, considering the similarity in grain sizes between the 
two alloys, it is likely that processing defects instead of microstructure 
play a major role in reducing the strain to failure of the 
Ti0.4Zr0.4Nb0.1Ta0.1 samples. For example, Ti0.4Zr0.4Nb0.1Ta0.1 samples 
possess an average areal density of un-melted Nb and Ta particles of 6.5 
% compared to Ti0.486V0.375Ta0.028Cr0.111 which possess an areal density 
of 2.3 % (V and Ta particles) (Fig. 5a and e). As un-melted powder 
particles act as stress concentrations, they can lead to debonding and 
premature fracture [7,30,42], it is likely that these results explain the 
unexpectedly weak tensile behaviors for Ti0.4Zr0.4Nb0.1Ta0.1 (e.g., brittle 
like fracture surfaces in Fig. 5d) versus Ti0.486V0.375Ta0.028Cr0.111 (e.g., 
quasi-cleavage fracture appearance, with localized plasticity in Fig. 5h). 
More analysis is necessary to understand the transfer of un-melted 
powders into the melt pool specifically for L-PBF AM (e.g., follow-on 
in-situ DXR experiments with elemental powder blends [43]), and to 
quantify their role in damage localization for multicomponent alloys 
leveraging refractory elemental powders. For example, it is well known 
that greater than a few percent porosity strongly influences tensile be-
haviors in AM materials [44]; however, corresponding data on the in-
fluence of un-melted powder defects is scarce in the literature. This is a 
significant, and largely understudied defect source that must be further 
explored given the prevalence of employing cost-effective elemental 
versus pre-alloyed powders in AM-RCCAs. Additional considerations on 
annealing and homogenization heat treatments to improve tensile 
ductility have shown promise for other AM-RCCAs [45] and may also be 
broadly applicable for the alloys investigated in this study. 

Fig. 5. SEM, EBSD, EDS, and fracture surface images, respectively for: Ti0.4Zr0.4Nb0.1Ta0.1 (a–d), and Ti0.486V0.375Ta0.028Cr0.111 (e–h). Note: All SEM, EBSD, and EDS 
images are in taken with the AM build direction oriented into the page. 

Fig. 6. XRD spectra for Ti0.4Zr0.4Nb0.1Ta0.1 and Ti0.486V0.375Ta0.028Cr0.111 in as- 
built AM condition. Note nominal single-phase BCC structure of both alloys 
(denoted in color), with the addition of other BCC (Nb, Ta) and HCP (α-Ti, Zr) 
phases present from un-melted powder particles denoted in black. (For inter-
pretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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4.2. Influence of chemical heterogeneity on local D-parameter 

The above section highlights the challenge in fully eliminating de-
fects in AM-RCCAs using elemental powder blends of high-melting 
temperature elements. Non-negligible amounts of un-melted powder 
particles present in the samples may lead to significant chemical het-
erogeneity which can locally influence plastic deformation mechanisms. 
For example, these local composition changes would result in a change 
in the D parameter, thus influencing the tendency for plastic deforma-
tion (e.g., ductile behavior versus brittle fracture) within the sample 
[39]. Furthermore, such local changes in compositions near un-melted 
powders could lead to significant risk of premature failure as they are 
near areas of significant stress concentration. 

To better understand the role of chemical heterogeneity on the D- 
parameter, three representative EDS maps were conducted within 
representative samples of both alloys. These maps were selected from 
different regions in the build and avoided un-melted powder particles. 
As such, they can be considered the “bulk” composition, in the absence 
of un-melted powder particle defects. The regions selected for EDS are 
plotted in Fig. 7, while Table 4 shows the tabulated values of composi-
tion (in at. %) and the estimated D-parameter for each location. Overall, 
the compositions for both Ti0.4Zr0.4Nb0.1Ta0.1 and Ti0.486V0.375-

Ta0.028Cr0.111 show significant fluctuation, particularly the high melting 
temperature elements. For example, Ta shows the largest deviation in at. 
% between each of the selected areas in Ti0.4Zr0.4Nb0.1Ta0.1 (1.29–8.45 
% versus the expected value of 10 %) and Ti0.486V0.375Ta0.028Cr0.111 
(0.63–2.41 % versus the expected value of 2.8 %). Such behavior con-
firms the absence of melting for Ta powders locally, as this would also 
reduce the amount of Ta present within the melt. Similar trends also 
occur for the Nb powders in Ti0.4Zr0.4Nb0.1Ta0.1. Interestingly, this 
fluctuation of local refractory elements does not significantly modify the 
D-parameter. This is shown in Table 4, where the D-parameter is plotted 
for both alloy as a function of selected EDS mapping area. The D- 
parameter for Ti0.4Zr0.4Nb0.1Ta0.1 ranges from D = 3.81–3.90 (between 
Area 1 to Area 3). In comparison, the D-parameter of Ti0.486V0.375-

Ta0.028Cr0.111 ranges from D = 3.08–3.01 (between Area 1 to Area 3); 
importantly, these areas all possess values for D > 3.0. Overall, this data 
suggests that the bulk matrix of the alloys investigated in this study show 
ductility tendency consistent with the D-parameter prediction, but the 

ductile performance is reduced by a combination of incomplete powder 
particle defects and composition variation. Such results show promise 
for future studies leveraging methods to maximize melting such as pre- 
alloyed powders or via optimized process variables/settings. 

4.3. Comparison with other studies and extensions to Mo and W- 
containing RCCAs 

The comparison between the alloys investigated in this study and 
tensile data for other RCCAs in the literature [11,30,46–48] is presented 
in Fig. 8. Although combination of strength and ductility in 
Ti0.486V0.375Ta0.028Cr0.111 outperforms other AM-RCCAs in the literature 
(Fig. 8), Ti0.4Zr0.4Nb0.1Ta0.1 shows anomalous behaviors compared to 
other Ti–Zr–Nb–Ta alloys, in particular reduced strain to failure values. 
Note, the sample dimensions employed in this work are generally 
consistent with reported data from literature shown in Fig. 8. Data on 
tensile tests of AM alloys in Fig. 8 is from samples with dimensions 
comparable to our samples, although for conventionally processed al-
loys some investigators used relatively larger samples. Furthermore, 
recent work in the literature on L-PBF AM Ti–6Al–4V [49] shows that 
reducing the sample gage length does not increase tensile ductility but 
may actually reduce the measured tensile ductility. Therefore, the re-
ported tensile ductility of the alloys investigated in this study represents 
a lower bound and the differences in the reported strength/ductility 
between alloys shown in Fig. 8 are not due to slightly different gage 

Fig. 7. Bulk composition EDS mapping of Areas 1, 2, and 3 for each alloy, namely: Ti0.4Zr0.4Nb0.1Ta0.1 (a, b, and c) and Ti0.486V0.375Ta0.028Cr0.111 (d, e, and f). Note: 
bold red outline signifies area selected for each EDS scan. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.) 

Table 4 
Bulk EDS composition (at. %) and D-parameter for selected areas.  

Ti0.4Zr0.4Nb0.1Ta0.1 

Area Ti Zr Nb Ta D-parameter 

1 41.99 40.40 11.94 5.67 3.81 
2 44.78 37.72 9.05 8.45 3.82 
3 49.03 37.29 12.38 1.29 3.90 

Ti0.486V0.375Ta0.028Cr0.111 
Area Ti V Cr Ta D-parameter 

1 49.92 36.03 14.42 0.63 3.08 
2 51.27 31.06 14.25 2.41 3.05 
3 50.45 36.12 11.61 1.82 3.01  
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length and gage width dimensions used by different investigators. 
As discussed above, it is likely that the large amounts of un-melted 

refractory elements contributing to the reduced failure strain values 
(and possibly overall tensile behavior). By analyzing additional com-
positions, it will become clearer which atomistic properties most 
strongly govern strength-ductility synergy and what advances in AM 
processing science are needed to enable fully dense AM-RCCAs. While 
important, such experiments are out of the scope of the current work but 
will be a major focus of future studies. Additionally, extensions to the 
rapid ductility screening framework are needed to develop RCCAs with 
large concentration of Mo and W, as these alloys are the most promising 
for high temperature applications [3,8,16,47,50]. 

Although alloys investigated in this study have melting temperatures 
well below that of Mo and W containing RCCAs, low melting tempera-
ture RCCAs can possess elevated temperature strength commensurate or 
surpassing current Ni-based superalloys such as IN718 and Haynes 230, 
which exhibit yield strengths of 1000 and 255 MPa up to 600 ◦C, 
respectively but both rapidly decrease below 200 MPa at temperatures 
above 800 ◦C and ultimately fail above 1200 ◦C [1]. At elevated tem-
peratures, NbTa0.3TiZr retains a yield strength of σy = 274 MPa at 
1000 ◦C and σy = 102 MPa at 1200 ◦C although its melting temperature 
is 1711 ◦C. As such, even though our alloys’ melting points are slightly 
below pure Ti, they are still 100–200 ◦C higher than that of Ni and Fe 
and their related alloys. Commercially used Ti-alloys, like Ti-64 and 
Ti-5553, at room temperature, have been shown to exhibit yield 
strengths around 900 MPa [51]. Overall, Ti-based RCCAs, such as those 
investigated in this study, show strong promise to replace conventional 
Ni- and Fe-based alloys under elevated temperatures. Additionally, 
certain untested compositions from our alloy screening approach for 
ductility and AM processibility (~100 alloys total) possess estimated 
melting temperatures as high as 1800 ◦C (Ti0.05Zr0.65Nb0.05Ta0.25 which 
has D = 3.33 and freezing range of 39.4 ◦C), which were (obviously) not 
tested due to the high concentrations of elemental Ta. With further 
optimized process settings and additional material/machine consider-
ations (such as the use of pre-alloyed powders or re-melting/preheating 
the build with the DiAM’s secondary diode laser), such compositions can 
be addressed in the future while avoiding un-melted particle defects. 
Importantly, the two compositions selected in this study were chosen to 
be representative, thus additional alloys with improved properties 
(melting temperature, yield strength, ductility, etc.) are likely. 

Nevertheless, Mo and W-containing RCCAs generally show enhanced 
strength retention at extreme temperatures required for next-generation 
energy and transportation applications such as the well know MoNbTaW 

and MoNbTaVW that retain yield strengths >400 MPa at 1600 ◦C [3, 
52–54]. However, most Mo and W containing alloys identified in our 
framework possess D < 3.0 and are therefore predicted to be brittle. 
However, recent work on L-PBF of NbTaTiNiMo10 displayed maximum 
failure strain under tensile loading of 4.4 % [47]. As only the {110} slip 
system is considered in this work, extensions to our atomistic screening 
framework including additional BCC slip systems have great potential to 
take advantage of newly discovered dislocation pathways within RCCAs 
such as the equiatomic Ti–Nb–Mo system, which possesses D parameter 
~2.9 but has shown tensile ductility under nanomechanical tensile 
testing in Ref. [55]. Such analyses on additional compositions will also 
increase our understanding of potential limitations of our D > 3.0 
ductility hypothesis. Such extensions will need to be paired with addi-
tional considerations for manufacturability outlined in this work to 
reduce hot-cracking, porosity, and un-melted powder defects (e.g., via 
pre-alloyed powders, further optimizing processing variables, or select 
post-processing treatments). As such, the reduction of both laser-matter 
interaction and starting material defects will be necessary to enable 
AM-RCCAs employing high-melting point Mo and W refractory 
elements. 

5. Conclusions 

Overall, this work provides a physics-based, predictive framework 
for additive manufacturing of non-equiatomic RCCAs with room tem-
perature ductility compared to prior trial-and-error approaches. Two 
representative alloys were down selected for tensile ductility and AM 
processability from ~106 potential compositions from the 
Ti–Zr–Nb–Ta–V–Cr system using an alloy design strategy encompassing 
multiple optimization objectives. Overall, the following conclusions can 
be made.  

• Atomistic modeling based on a D-parameter greater than 3.0 showed 
good agreement with tensile ductility in two representative non- 
equiatomic RCCAs (Ti0.4Zr0.4Nb0.1Ta0.1 and Ti0.486V0.375-

Ta0.028Cr0.111) made by L-PBF AM.  
• As-built samples from both alloys possessed yield strengths >800 

MPa and strains to failure >5 %, values which match or exceed other 
AM-RCCAs in the literature. Ti0.486V0.375Ta0.028Cr0.111 possessed 
higher yield strength than Ti0.4Zr0.4Nb0.1Ta0.1 due to an increased 
unstable stacking fault energy.  

• Laser-material interaction defects (i.e., LOF and keyhole porosity) for 
both alloys follow systematic trends in P–V processing space. In situ 
DXR imaging and analytical melt pool simulation for lack of fusion 
and keyhole melt pool boundary showed good agreement.  

• The differences in the measured tensile strain to failure between the 
two alloys, are attributed, in part, to the presence of a small volume 
fraction of incomplete powder particle melting and chemical in-
homogeneity within the build. This highlights the need to mitigate 
manufacturing defects in the 3D printed alloys when using elemental 
powder mixtures of high-melting point metals. 

These results highlight the success of our alloy design framework to 
guide the selection of AM-RCCAs with room temperature ductility po-
tency that can be manufactured without solidification induced cracking 
under rapid solidification processing. Although this work focused on 
non-equiatomic RCCAs with low melting temperatures (<2000 ◦C), our 
framework can be extended to high-melting temperature alloys (e.g., 
containing large portions of Mo and W elements) by considering addi-
tional BCC slip systems. Therefore, validation of this framework in the 
context of Mo and W-containing alloys is expected to enable trans-
formative impacts of AM-RCCAs with both room temperature ductility 
and enhanced high-temperature performance. 

Fig. 8. Tensile yield strength versus strain to failure of Ti0.4Zr0.4Nb0.1Ta0.1 and 
Ti0.486V0.375Ta0.028Cr0.111 made by L-PBF AM compared to other Ti–Zr–Nb-Hf- 
Ta-Mo alloys in the literature manufactured through casting, DED, and L-PBF 
AM (refs: [10,11,30,32,47,48]). Brittle alloys described as those with <4 % 
strain to failure. 
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