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A B S T R A C T   

A database for the Cr-Ni-V system was constructed by modeling the binary Cr-V and ternary Cr-Ni-V systems 
using the CALPHAD approach aided by density functional theory (DFT)-based first-principles calculations and ab 
initio molecular dynamics (AIMD) simulations. To validate this new database, a functionally graded material 
(FGM) using Ni-20Cr and elemental V was fabricated using directed energy deposition additive manufacturing 
(DED AM) and experimentally characterized. The deposited Ni-20Cr was pure fcc phase, while increasing the 
amount of V across the gradient resulted in the formation of sigma phase, followed by the bcc phase. The 
experimentally measured phase data was compared with computational predictions made using a Cr-Ni-V 
thermodynamic database from the literature as well as the database developed in the present work. The 
newly developed database was shown to better predict the experimentally observed phases due to its accurate 
modeling of binary systems within the database and the ternary liquid phase, which is critical for accurate Scheil 
calculations.   

1. Introduction 

Laser-based directed energy deposition (DED) additive 
manufacturing (AM) is a process in which three-dimensional compo
nents are fabricated layer-by-layer. In powder-based DED, powder 
feedstock is deposited into a melt pool created by a laser, where the 
powder melts, cools, and solidifies, fusing to the material below. DED 
can be used to fabricate functionally graded materials (FGMs), in which 
composition is tailored as a function of position within a build [1]. The 
local compositions and thermal histories dictate the phases formed, 
which in turn determine the spatially varying properties [2,3]. Thus, 
FGMs provide a means for creating multifunctional components [4] or 
smooth transitions between compositions of two dissimilar materials to 
avoid the deleterious effects of abrupt interfaces [5]. However, mixing 
alloys in molten form during DED can promote the formation of brittle 
intermetallic phases during solidification or subsequent thermal cycling, 

which can lead to stresses that result in cracking [1]. 
Joining iron alloys with titanium alloys has been of interest in the 

aerospace and nuclear industries where multiple materials must be used 
within components to achieve required functionality. For example, 
stainless steel and titanium alloys are both used in aircraft engines 
where joining them allow for the assembly of engine blades into a sin
gular component [4,6]. Similarly, these same materials are used in the 
nuclear industry to join components for processing and transporting 
spent nuclear fuel [7]. However, the direct joining of stainless steels and 
Ti-6Al-4V by welding, brazing, riveting, diffusion bonding, or AM result 
in weak joints between the materials due to abrupt changes in elastic or 
thermal properties and the formation of intermetallics [6], often leading 
to cracking. Alternatively, to eliminate abrupt interfaces, researchers 
have studied gradually grading between these terminal alloys using DED 
AM but have shown that when directly grading between Ti-6Al-4V and 
stainless steel, brittle intermetallic Fe-Ti and Ni-Ti phases form along the 
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gradient [8–10] and residual stresses accumulate [11], both of which 
result in cracking of the FGM. 

To avoid the formation of intermetallics in FGMs, intermediate ele
ments or alloys may be introduced along the composition pathway be
tween terminal alloys. In a recent study by the present team [12], a 
gradient scheme that used V, Cr, and Ni-20Cr as intermediate compo
sitions between Ti-6Al-4V and stainless steel was designed, and the 
CALculation of PHAse Diagrams (CALPHAD) method was used to pre
dict deleterious phases under both equilibrium and rapid solidification 
conditions. The gradient pathway was fabricated, avoiding in
termetallics, and the phases formed along the deposited compositions 
were found to match those predicted computationally. However, the 
intermediate gradient path of V to Cr to Ni-20Cr graded only through 
binary element compositions, which were accurately represented in the 
thermodynamic database by Choi et al. [13,14]. Also, although free of 
deleterious phases, cracking was observed in this FGM in the Cr-rich 
compositions, which was found to have high crack susceptibility, as 
proven through the crack susceptibility criteria [15]. Additionally, it is 
undesirable to grade into pure elements due to their poor mechanical 
performance [15] in comparison to alloys. To eliminate the need to 
grade into pure elements, grading through ternary Cr-Ni-V compositions 
could be an alternative composition pathway. However, there is limited 
experimental and computational modeling on these intermediate com
positions within the Cr-Ni-V system that are typically used to assess the 
feasibility of the gradient compositions during path planning. 

To achieve reliable predictions for path planning, thermodynamic 
databases that are validated over the entire composition range of in
terest are required. However, these are often restricting, as databases 
used for phase predictions are typically optimized for one principal 
element in a material system [16,17]. There are commercially available 
closed databases that are intended for high entropy alloys; but these 
databases still do not include a complete description of ternary or higher 
order systems that exist within the entire material system [18]. 

Thermodynamic modeling of the Cr-Ni-V system has been performed 
by Choi et al. [13,14] and is currently the only available description of 
the ternary system with reasonable phase models. However, due to the 
lack of ternary experimental thermochemical data available in the 
literature for the Cr-Ni-V system, they used the binary CALPHAD 
modeling works of Cr-Ni by Lee et al. [19], Cr-V by Lee et al. [20], and 
Ni-V by Korb et al. [21] to model their ternary system and did not 
include ternary excess parameters for any phases except for the topo
logically close-packed (TCP) sigma phase [13,14]. Furthermore, Choi 
et al. [13,14] used the sublattice model (Cr, V)4(Ni)8(Cr, Ni, V)18 to 
describe the sigma phase, which combines the Wyckoff positions of 2a, 
8i1, and 8j as listed in Table 1. However, recent CALPHAD modeling of 
the Ni-V binary system from Noori and Hallstedt [22] uses a three 
sublattice model (Cr, Ni, V)4(Cr, Ni, V)10(Cr, Ni, V)16 that combines the 
2a and 8i2 Wyckoff positions with 12 coordination numbers and, sites 
8i1 and 8j with 14 coordination numbers. This sublattice model is more 
appropriate to use since the (Cr, Ni, V)4(Cr, Ni, V)10(Cr, Ni, V)16 model 
has been shown by Joubert to better describe partitions of elements into 
different Wyckoff positions observed from experiments than the (Cr, 
V)4(Ni)8(Cr, Ni, V)18 sublattice model [23], particularly for the Ni-V 
system [24], and it better represents the homogeneity range of sigma 
phase in the Cr-Ni-V system, thus, leading to more reliable phase pre
dictions than those from the database in refs. [13,14]. 

The present work focused on remodeling the Cr-Ni-V system using 
the CALPHAD method through incorporating more recent experimental 
data and thermodynamic descriptions available in the literature. To 
incorporate ternary interaction parameters into the present database, 
DFT-based first-principles calculations were performed to calculate the 
formation energies of sigma phase using the (Cr, Ni, V)4(Cr, Ni, V)10(Cr, 
Ni, V)16 sublattice model [25]. Additionally, DFT-based ab initio mo
lecular dynamics (AIMD) simulations were used to predict the enthalpy 
of mixing (ΔHmix) of liquid, which was used to improve the modeling of 
liquid in the ternary system. This is important because Scheil prediction 

of phases in DED AM requires accurate modeling of liquid [26] as the 
behavior of the liquid affects the formation of solid phases during so
lidification. Scheil simulations predict phase formations under fast 
cooling, assuming no diffusion in the solid, and infinite mixing in the 
liquid, and have previously been shown to be an effective method for 
modeling phase formations in functionally graded AM materials [27]. 

To validate the model constructed for the present work and compare 
it with the most recent one for Cr-Ni-V (i.e., that by Choi et al. in refs. 
[13,14]), an FGM grading between Ni-20Cr and V was fabricated using 
DED AM. The phases within the FGM were experimentally characterized 
and compared with predictions from both thermodynamic databases 
and their feasibility maps [12,15], a concept developed by the present 
team, to assess the feasibility of the composition path grading through 
ternary composition space. The ability of these models to predict the 
experimentally observed formation of sigma phase in the Cr-Ni-V system 
was assessed. As Boron was found in the fabricated NiCr-V FGM and is 
frequently used in DED of Ti-6Al-4V for grain refinement [28], it was 
also incorporated into the present thermodynamic modeling to quantify 
its influence on the phases that formed in the DED process. The addition 
of B was an important consideration for understanding the effect of 
contaminants on AM fabrication. 

2. Methodology 

2.1. CALPHAD modeling of thermodynamics and associated input data 

CALPHAD modeling of the thermodynamic properties of the ternary 
Cr-Ni-V system involves thermodynamically modeling the three pure 
elements, three binary systems, and the overall ternary system consid
ered in the system. In the present work, thermodynamic models of pure 
elements were sourced from the Scientific Group Thermodata Europe 
(SGTE) database [29]. The Cr-Ni binary modeled by Tang et al. [30] was 
adopted as shown in Figure S1, because the remodeling by Hao et al. 
[31] used different models for pure elements and could not be combined 
with other binary systems considered in the present work. For the Ni-V 
binary system, Noori and Hallstedt [22] modeled Ni3V and Ni2V7 as 
non-stoichiometric phases which was used in the present work as shown 
in Figure S2. The model from Korb et al. [21] for Ni-V, which treats these 
compounds as stoichiometric phases, was used by Choi et al. [13,14] in 
their modeling of the Cr-Ni-V ternary system. The modeling of the Cr-V 
system by Ghosh et al. [32] was used and improved in the present work 
with the latest enthalpy of formation (ΔHf) predictions of the bcc phase 
by Gao et al. [33] through DFT-based first-principles calculations. 

There are two classes of phases contained in the Cr-Ni-V system - 
solution phases with a single sublattice and compounds that contain 
multiple sublattices. These are typically differentiated by a phase’s 
Wyckoff positions. The liquid phase is typically modeled with a one- 
sublattice model unless there is strong short-range ordering. Using the 
Gibbs energy functions of pure elements (i.e., Cr, Ni, and V) taken from 
the SGTE database [29], the Gibbs energy functions of solution phases 
liquid, bcc, and fcc in the Cr-Ni-V system are described by the 

Table 1 
Wyckoff positions, in x, y, z coordinates, and coordination numbers (CN) of 
sigma phase.  

Wyckoff position of sigmaa x y z CN 

2a  0  0  0  12 
4 f  0.399  0.399  0  15 
8i1  0.463  0.131  0  14 
8i2  0.739  0.066  0  12 
8j  0.183  0.183  0.252  14  

a Sigma with space group P42/mnm (no. 136), Pearson symbol tp30, Struk
turbericht designation D8b, and prototype of σCrFe [63].  
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Redlich-Kister polynomial [34] as follows,  

where xCr, xNi, and xV are the mole fractions of Cr, Ni, and V in phase 
α, respectively, Gα

Cr, G
α
Ni, and Gα

V represent the Gibbs energies of Cr, Ni, 
and V in phase α with respect to their standard element reference (SER) 
states at pressure P = 1 bar and temperature T = 298.15 K, R is the gas 
constant, kLi,j = kai,j +

kbi,jT corresponds to the kth interaction parameter 
between i and j with kai,j and kbi,j as model parameters, and iLCr,Ni,V 

= iaCr,Ni,V +
ibCr,Ni,VT represents the ternary interaction for component i 

with iaCr,Ni,V and ibCr,Ni,V as model parameters. 
The Gibbs energy of compounds with multiple Wyckoff positions can 

be described by a sublattice model, with one sublattice for each type of 
Wyckoff site using the compound energy formalism [35], 

Gmf = 0Gmf + RT
∑

t
at

∑

j
yt

jlnyt
j + EGmf (2) 

where 0Gmf =
∑

emi

(
∏

t
yt

emi

0Gemi

)

represents the contributions from 

Gibbs energy of each endmember with only one component in each 
sublattice, 0Gemi =

∑
tat0Gt

emi
, with yt

emi 
and 0Gt

emi 
being the site fraction 

and Gibbs energy of the component in sublattice t in the endmember emi, 
respectively, and at being the multiplicity of sublattice t. The second 
term corresponds to the ideal entropy of mixing summed over each 
sublattice. The last term, EGmf , represents the excess Gibbs energy that 
includes two types of contributions: the first being the interaction in one 
sublattice, where all other sublattices only contain one component (n), 
and the second being the mixing simultaneously in two or more sub
lattices, where more than one sublattice contains two or more compo
nents. The present work focused on the first type of interaction among 
Cr, Ni, and V as follows, 

EGmf =
∑

t

∏

s∕=t

ys
l

∑

i>j

∑

j
yt

iy
t
jL

t
i,j:l (3) 

where Lt
i,j:l denotes the interaction parameter between components i 

and j in the sublattice t with all other sublattices containing only one 
component in each sublattice. As discussed above, the sigma phase is 
important in the present work. Since this phase has five Wyckoff posi
tions, it is desirable to model it using five sublattices, which is being 
actively pursued by the team. However, in the present work, existing 
CALPHAD modeling of the Ni-V binary system [22] was adopted along 
with its three sublattice model, i.e., (Cr, Ni, V)4(Cr, Ni, V)10(Cr, Ni, V)16. 

Models for other binary compounds of CrNi2, NiV3, Ni3V and Ni8V 
that were considered in the present modeling were adopted directly 
from the Cr-Ni binary from Tang et al. [30] and the Ni-V binary from 
Noori and Hallstedt [22]. No ternary interactions were added to these 
binary compounds due to their unimportant role in the present work. 

2.1.1. Literature data for the Cr-V binary system 
The Cr-V system was first remodeled using ΔHf, activity, and phase 

equilibria data. The accepted Cr-V binary system contains only two 
phases which are both solution phases: liquid and bcc. ΔHf predictions 
for compositions in the Cr-V system at 0 K were also incorporated into 
the present models. Gao et al. [33] studied the ground-state structures at 
0 K using a cluster expansion method fitted to DFT-based first-principles 
calculations. By considering 18 structures from the compounds in the 

Cr–TM (TM = transition metal) binary systems [36] they identified nine 

stable structures on the convex hull. Based on their work, these nine 
stable structures were used for the present CALPHAD modeling. The 
activities of Cr in the Cr-V system used in the present CALPHAD 
modeling were determined between 10.0 and 90.0 at% V by Aldred and 
Myles [37] at 1550 K by vapor pressure measurements using the 
torsion-effusion method. 

Four different experimental measurements were considered to 
determine phase equilibrium data for the Cr-V system. However, dif
ferences were observed in the liquidus-solidus equilibria measured in 
the literature, and thus, only data with similar reported values were used 
in the present modeling. Carlson et al. [38] found that the lowest solidus 
temperature of 2023 K occurred at 30.0 at% V by noting the lowest 
temperature at which liquid was observed during optical pyrometry; 
Kubaschewski et al. [39] used empirical methods to estimate the lowest 
solidus temperature of 2068 K at around 75.0 at% V; and the most 
recent data reported by Smith et al. [40] showed the minimum solidus 
temperature to be 2038 K at 20.0 at% V, measured by optical pyrome
try. The existence of a lowest solidus temperature is supported by the 
activity of Cr in a Cr-V system reported by Aldred et al. [37], which 
showed that the lowest solidus temperature was at 30.0 at% V. As 
multiple measurements (i.e., Carlson et al. [38] and Smith et al. [40]), 
reported the lowest solidus temperature to occur between 20 – 30 at% in 
the temperature range of 2023 – 2038 K, these were the data considered 
in the present work. 

2.1.2. DFT-based first-principles calculations for liquid and sigma phases in 
Cr-Ni-V 

In the present study, the DFT-based quasiharmonic approach was 
used to calculate ΔHf for sigma, while AIMD calculations were used to 
obtain the enthalpy of mixing (ΔHmix) for liquid phase. This is due to the 
lack of experimental data in other ternary sigma and liquid phases in 
other modeling works. According to the DFT-based quasiharmonic 
approach, Helmholtz energy of a solid phase can be estimated as a 
function of temperature, T, and volume, V, which corresponds to the 
Gibbs energy under zero external pressure [41], 

F(V, T) = E0(V) + Fvib(V, T) + Fel(V, T) (4) 

where the Helmholtz energy, F, includes the static energy at 0 K 
without the zero-point vibrational contribution, E0(V), the contribution 
from lattice vibrations, Fvib, and the contribution from thermal electrons, 
Fel. The equilibrium volume at each temperature was determined by 
finding the minimum of F, i.e., when the pressure, P = − ∂F

∂V = 0 Pa. 
DFT-based calculations were used to predict the energy versus vol

ume (E-V) curve for each phase (or endmember) at 0 K. The resulting 
data points were then fitted using a four-parameter Birch-Murnaghan 
(BM4) equation of state (EOS) [41], 

E0(V) = k1 + k2V−2/3 + k3V−4/3 + k4V−2 (5) 

with fitting parameters k1, k2, k3, and k4. The equilibrium properties 
at P = 0 Pa from this EOS include the equilibrium energy, E0, volume, 
V0, bulk modulus, B0, and derivative of the bulk modulus with respect to 
pressure, B’. The contribution of lattice vibrations, Fvib, was determined 
using the phonon density of states (pDOS) [42], 

Gα
m = xCrGα

Cr + xNiGα
Ni + xV Gα

V + RT(xCrlnxCr + xNilnxNi + xV lnxV ) + xCrxNi

∑

k=0

k(xCr − xNi)
k

+ xCrxV

∑

k=0

k(xCr − xV )
k

+ xNixV

∑

k=0

k
(xNi − xV )

k 

+ xCrxNixV (xCr
CrLCr,Ni,V + xNi

NiLCr,Ni,V + xV
V LCr,Ni,V ) (1)   
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Fvib(T, V) = kBT
∫ ∞

0
ln

[

2sinh
ℏω

2kBT

]

g(ω) dω (6) 

where g(ω) is the pDOS as a function of volume, V, and frequency, ω 
[42], and Fel was obtained using Mermin statistics [42]. 

For the liquid phase, AIMD was used to determine its ΔHmix with 
composition CrxNiyV1-x-y at 2700 K, calculated by the function, 

ΔHmix = Hmixture −
∑

ciHi (7) 

where Hmixture is the enthalpy of CrxNiyV1-x-y calculated by AIMD, ci 

the mole fraction of the component i, and Hi the enthalpy of pure ele
ments Cr, Ni, and V at 2700 K. 

In the present work, all DFT-based first-principles and AIMD calcu
lations were conducted using the Vienna ab initio Simulation Package 
(VASP) [43]. The projector augmented wave (PAW) method [44] was 
used to describe the electron-ion interaction, while the generalized 
gradient approximation (GGA) by Perdew, Burke, and Ernzerhof (PBE) 
[45] was used to describe the exchange-correlation functional. For 
AIMD simulations, an NVT ensemble was used with the total number of 
atoms in the supercell, N, set to 108. A k-point mesh was set as a single Γ 
point 1 × 1 × 1, and 280 eV was set as the cutoff energy to maximize the 
number of running steps and the number of configurations obtained 
[46]. A fixed temperature of 2700 K was used for AIMD simulations to 
ensure that all the six compositions were in the liquid state, and the 
Nose-Hoover thermostat was used to regulate the temperature [47,48]. 

To estimate first-principles thermodynamics of the Cr-Ni-V system, 
the reference states of pure elements bcc Cr, fcc Ni, and bcc V were used, 
where ferromagnetic spin-polarization are considered for the Cr and Ni 
atoms. The sigma phase was modeled using three sublattices consisting 
of 27 endmembers as opposed to the sublattice model from refs. [13,14].  
Table 2 summarizes the settings for DFT-based first-principles and AIMD 
calculations for each compound or pure element, including the infor
mation of total atoms in the supercells, k-point meshes used for struc
tural relaxations and final static calculations (denoted by DFT), and 
k-point meshes for AIMD calculations. Spin-polarization was used in all 
the calculations. For modeling of the liquid phase, AIMD simulations 
were carried out for six compositions: Cr108, Cr27Ni27V54, Cr27Ni54V27, 
Cr54Ni27V27, Ni108, and V108. The cutoff energy for sigma phase was 
chosen based on the Materials Project [49], while the k-point grid for the 
sigma phase was chosen to be the finest attainable within computational 
constraints while also ensuring that results are accurate. 

2.1.3. Phase equilibrium data in Cr-Ni-V 
For modeling of the ternary parameters, experimental phase equi

libria measurements between bcc, fcc, and sigma phases were taken 
from Kodentzov et al. [50], which were collected using scanning elec
tron microscope (SEM) imaging and microprobe analysis on samples 
annealed at 1275 K and 1425 K. At 1275 K, composition boundaries, in 
at%, between the sigma phase and bcc were identified to extend from 
0.0Cr-25.8Ni-74.2V to 5.3Cr-11.0Ni-83.7V for the sigma boundary and 
0.0Cr-12.8Ni-87.2V to 3.8Cr-27.4Ni-68.8V for the bcc boundary. For the 
two-phase sigma and fcc region, the sigma phase boundary ranged from 
3.3Cr-44.4Ni-52.3V to 31.5Cr-39.6Ni-28.9V, and fcc extended from 

3.0Cr-59.0Ni-38.0V to 20.6Cr-56.2Ni-23.2V. 
At 1425 K, the sigma phase boundary extended between 7.3Cr- 

28.9Ni-63.8V to 42.3Cr-35.7Ni-22.0V and the bcc from 2.3Cr-16.4Ni- 
71.3V to 56.1Cr-24.2Ni-19.7V. The fcc boundary between fcc and 
sigma phase ranged from 11.1Cr-5.4Ni-33.5V to 16.3Cr-57.3Ni-26.4V, 
while the sigma boundary between the two phases ranged from 
18.8Cr-41.0Ni-40.2V to 26.6Cr-39.4Ni-34.0V. The boundary between 
bcc and fcc was determined through measuring a tie line between the 
bcc and fcc phase, which was determined to have a composition of 
58.4Cr-26.1Ni-15.5V on the bcc boundary and at 32.7Cr-49.4Ni-15.9V 
on the fcc boundary. 

Additional experimental data by Singh et al. [51] and Malhotra et al. 
[52] were used to model ternary parameters in the present database. 
Using SEM imaging, energy dispersive spectroscopy (EDS), and X-ray 
diffraction (XRD), Singh et al. [52] measured phase equilibria between 
bcc, fcc, and sigma at 1373 K. Malhotra et al. [52] measured phase 
equilibria based on XRD. Singh et al. [51] and Malhotra et al. [52] 
showed varying results on the tie line edges between the fcc and sigma 
phases. On the fcc boundary, the composition from Singh et al. was 
reported to be 9.8Cr-62.3Ni-27.9V [51] while Malhotra et al. reported 
15.3Cr-61.9Ni-22.8V [52]. At the sigma boundary, the tie line edge was 
found to be at a composition of 4.9Cr-28.3Ni-66.8V from Singh et al. 
[51] while Malhotra et al. reported the composition as 
10.4Cr-29.1Ni-60.5V [52]. Additionally, only Singh et al. [51] provided 
data on the sigma boundary between sigma and fcc, which extend from 
24.5Cr-40.6Ni-34.9V to 29.2Cr-40.0Ni-30.8V. The bcc boundary be
tween the sigma and bcc phases was reported to range from 
6.3Cr-10.0Ni-83.7V to 46.6Cr-11.8Ni-41.6V in the work by Singh et al. 
[51]. 

2.2. Feasibility mapping 

Feasibility maps, a tool developed by the team for use in AM [53], 
were constructed to assess the feasible build space within the ternary 
Cr-Ni-V alloy system. These maps assess the feasibility of compositions 
and gradient pathways fabricated via AM based on the amount(s) of 
deleterious phase(s) that form as predicted by both Scheil and equilib
rium calculations. These equilibrium calculations provide estimates on 
phase formations under infinitely slow cooling, which could be 
approached during in-process thermal cycling with each deposition of a 
new layer in the build, or post-process heat treatment. Conversely, 
Scheil calculations provide estimates on phase formation from the melt 
under infinitely rapid solidification, which has been shown to be suit
able for predicting phases present in as-built AM components [27]. 

In the Cr-Ni-V system, the feasibility of a composition is determined 
based on if the total amount of sigma is below (feasible) or above 
(infeasible) a threshold that is assumed to lead to cracking [12]. The 
feasibility maps used equilibrium calculations ranging between 1000 K, 
which is approximately 2/3 of the lowest predicted solidus temperature 
along the linear composition gradient path between NiCr and V, to just 
above the liquidus temperature, 2000 K, in 10 K increments. This tem
perature range was used to estimate bounds for capturing kinetically 
driven phase formations in AM processes that could potentially induce 
solid state phase transformations within this temperature range [54]. 
Scheil simulations were performed with a starting temperature above 
the liquidus, to model rapid solidification from a liquid melt. Together, 
these two predictions provide the bounds of two extreme cases between 
which phase transformations in the far from equilibrium DED AM pro
cess are expected to fall. These calculations were used to determine 
whether amounts of deleterious phase exceeded the tolerated amount 
across all compositions in the Cr-Ni-V ternary. 

2.3. Experimental methods 

DED AM was used to fabricate an FGM grading between Ni-20Cr and 
59 wt% V (balance Ni-20Cr) to validate the thermodynamic database 

Table 2 
Settings of DFT-based first-principles calculations, and AIMD calculations for 
each compound or element.  

Compounds Atoms in 
the cells 

Cutoff energy 
(eV) 

k-points 
for DFT 
relaxations 

k- 
points 
for DFT 
static 

k- 
points 
for 
AIMD 

liquid (L)  108 280 N/A N/A 1 × 1 ×

1 
sigma  30 368 

(relaxations) 
520 (static) 

2 × 2 × 3 2 × 2 ×

1 
N/A  
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developed in the present work. Powders of Ni-20Cr (American Elements, 
California), (herein referred to as NiCr) and V (American Elements, 
California), both sieved to a −100/+325 mesh size were used. The FGM 
was fabricated using a DED AM system (RPM, Inc., Model 222, South 
Dakota) in an Ar environment (<10 ppm O2) equipped with a YAG laser 
that was operated using the parameters given in Table 3. Note that the 
processing parameters were varied throughout the build to accommo
date the varying melting temperature of the compositions being 
deposited as a function of height. The resulting build was approximately 
25.4 mm in diameter and 76.2 mm in height. 

The as-built sample was prepared for evaluation by sectioning a 
pillar, mounting in epoxy resin, then polishing using standard metallo
graphic techniques with a final polish of 0.05 μm alumina slurry. EDS 
was performed in an SEM (Thermo-Scientific, Apreo S Low Vac, Mas
sachusetts) equipped with a silicon drift detector (Oxford Instruments, 
Ultim Max silicon drift detector, Massachusetts) to measure local com
positions within the sample. Local phase identification was performed 
using electron backscatter diffraction (EBSD, Oxford Instruments, 
Symmetry detector, Massachusetts). Electron Probe Microanalysis 
(EPMA, Cameca SX-5, Wisconsin) equipped with a LaB6 electron source 
was used in selected areas to determine the compositions of the boride 
particles found within the FGM build. 

3. Results and discussion 

3.1. Computational results 

3.1.1. Thermodynamic properties by first-principles calculations 
Table 4 summarizes the DFT-predicted values of ΔHf for the end

members in sigma phase based on the sublattice model of (Cr, Ni, V)4(Cr, 
Ni, V)10(Cr, Ni, V)16 used in the present CALPHAD modeling. The DFT 
calculations show that the ΔHf values for the endmembers containing 
single elements such as (Cr)4(Cr)10(Cr)16, (Ni)4(Ni)10(Ni)16, and 
(V)4(V)10(V)16 are positive and therefore not stable. Similarly, the ΔHf 
values for all endmembers in the Cr-V and Cr-Ni binary systems are also 
positive and not stable, including (Cr)4(Cr)10(V)16, (Cr)4(V)10(Cr)16, 
(Cr)4(V)10(V)16, (V)4(V)10(Cr)16, (V)4(Cr)10(Cr)16, (V)4(Cr)10(V)16, 
(Cr)4(Cr)10(Ni)16, (Cr)4(Ni)10(Cr)16, (Cr)4(Ni)10(Ni)16, (Ni)4(Ni)10(Cr)16, 
(Ni)4(Cr)10(Cr)16, and (Ni)4(Cr)10(Ni)16, as listed in Table 4. However, 
some endmembers in Ni-V, such as (V)4(V)10(Ni)16, (V)4(Ni)10(Ni)16, 
(Ni)4(V)10(V)16, (Ni)4(V)10(Ni)16, (Ni)4(Ni)10(V)16 have negative ΔHf 
values. In addition, some endmembers in Cr-Ni-V, such as 
(Ni)4(Cr)10(V)16, (Ni)4(V)10(Cr)16, (V)4(Cr)10(Ni)16 have negative ΔHf 
values. 

For comparison to the present modeling, predictions for activity 
values at 1550 K of the Cr-V binary from the present work were plotted 
in Fig. 1(a) with respect to those calculated by the modeling from Ghosh 
et al. [32] and experimental data from Aldred et al. [37]. As shown, the 
activity from both the present modeling and that from Ghosh et al. [32] 
match well with experimental data in the literature. However, the pre
sent modeling shows better predictions for experimental data between 
10.0 and 40.0 at% V, while Ghosh’s modeling [32] provides a better 
match between 60.0 and 90.0 at% V. On average, the difference be
tween the present modeling results for activity and the experimental 
data is 0.0077, while results from Ghosh’s modeling differs by 0.0087 
[32]. 

ΔHf were also compared between DFT calculations [33], the present 
modeling, and that developed by Ghosh et al. [32] at 298 K, and are 
presented in Fig. 1(b). The calculated ΔHf reported by Gao et al. [33] 
decreases as the amount of V content increases between 0.0 and 44.0 at 
%, then reaches a minimum value of −7.42 kJ/mol-atom. The present 
modeling shows good agreement with the DFT calculations from Gao 
et al. [33], with an average difference of approximately 
0.41 kJ/mol-atom, while the difference between Ghosh’s modeling [32] 
and the DFT calculations [33] is about 3.91 kJ/mol-atom. Thus, the 
present modeling demonstrates good agreement with thermochemical 
data for the Cr-V system, which includes the activity values of Cr at 
1550 K, and ΔHf data. 

Fig. 2 shows the ΔHmix values of liquid at 2700 K from both the 
present modeling and that of Choi et al. [13,14], compared to the pre
sent AIMD results at 2700 K. It is shown that the present modeling 
predicts the lowest ΔHmix (-25,000 J/mol-atom) at around 
33.3Cr-33.3Ni-33.3V. In contrast, the modeling by Choi et al. [13,14] 
gives the lowest ΔHmix (-13,000 J/mol-atom), at around 

Table 3 
Processing parameters used to fabricate the Ni-20Cr to V FGM. A laser scan speed of 12.7 mm/s was used throughout.  

Start 
layer 

Endlayer V vol 
% 

V powder feed rate (g/ 
min) 

Ni-20Cr vol 
% 

Ni-20Cr powder feed rate (g/ 
min) 

Laser spot size 
(μm) 

Hatch spacing 
(μm) 

Laser power 
(W)  

0  19  0  0  100  5.19  1397  762  800  
20  39  10  0.35  90  4.67  1461  826  860  
40  59  20  0.70  80  4.15  1524  889  920  
60  79  30  1.06  70  3.64  1588  953  980  
80  99  40  1.41  60  3.12  1651  1016  1040  
100  119  50  1.76  50  2.60  1715  1080  1100  
120  139  60  2.11  40  2.08  1778  1143  1160  
140  159  70  2.46  30  1.56  1842  1207  1220  
160  179  80  2.81  20  1.04  1905  1270  1280  
180  199  90  3.17  10  0.52  1969  1334  1340  
200  219  100  3.52  0  0  2032  1397  1400  

Table 4 
Enthalpy of formation values for sigma phases from the present work’s DFT- 
based calculations at 0 K.  

2a, 8i2 4 f 8i1, 8j ΔHf (kJ/mol-atom) 

Cr Cr Cr  13.670 
Cr Cr Ni  6.437 
Cr Cr V  5.085 
Cr Ni Cr  19.448 
Cr Ni Ni  10.516 
Cr Ni V  9.394 
Cr V Cr  7.876 
Cr V Ni  4.503 
Cr V V  0.890 
Ni Cr Cr  4.072 
Ni Cr Ni  10.175 
Ni Cr V  -9.811 
Ni Ni Cr  11.912 
Ni Ni Ni  9.843 
Ni Ni V  -10.582 
Ni V Cr  -0.347 
Ni V Ni  -3.164 
Ni V V  -16.217 
V Cr Cr  13.863 
V Cr Ni  -1.635 
V Cr V  6.775 
V Ni Cr  19.817 
V Ni Ni  -5.147 
V Ni V  8.540 
V V Cr  9.299 
V V Ni  -7.469 
V V V  3.686  
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0Cr-50.0Ni-50.0V. The present AIMD simulations predict −24, 
039.5 J/mol-atom at 25.0Cr-50.0Ni-25.0V, −22,706.7 J/mol-atom at 
50.0Cr-25.0Ni-25.0V, and −22,758.0 J/mol-atom at 
25.0Cr-25.0Ni-50.0V. Therefore, the present modeling shows a better 
agreement with the AIMD results than the modeling from Choi et al. [13, 
14], with an average difference around 1275 J/mol-atom versus a dif
ference of 16,763 J/mol-atom between Choi’s work [13,14] and the 
AIMD results. These differences in ΔHmix are attributed to the lack of 
ternary interactions for liquid in the modeling by Choi et al. [13,14]. 
Because the present CALPHAD modeling more accurately describes the 
liquid phase than that by Choi et al. [13,14], better predictions of phase 

stability under different cooling rates are achieved, as described further 
in Section 3.3. 

3.1.2. Thermodynamic modeling of Cr-V and Cr-Ni-V 
Fig. 3 presents the Cr-V phase diagram predicted by both the present 

CALPHAD modeling and that by Ghosh et al. [32], compared to exper
imental data by Carlson et al. [38] and Smith et al. [40]. The phase 
diagram from the present modeling exhibits a local minimum in the 
liquidus at 32.5 at% V at a temperature of 2026 K. The phase diagram 
from the present work agrees well with the data from Smith et al. [40] at 
20.0 at% V while between 30.0 and 80.0 at% V, the model shows a 

Fig. 1. Predicted (a) activity of Cr at 1550 K and (b) enthalpy of formation at 298 K using the present database, one developed by Choi et al. [13,14], and a model by 
Ghosh [32] in comparison with experimental data from (a) Aldred et al. [37] and (b) DFT calculations from Gao et al. [33]. 

Fig. 2. Enthalpy of mixing, ΔHmix, of liquid at 2700 K from (a) the present database with differences between CALPHAD and AIMD are 1184.3 J/mol-atom at 25.0Cr- 
50.0Ni-25.0V, −112.8 J/mol-atom at 50.0Cr-25.0Ni-25.0V, and −1334.0 J/mol-atom at 25.0Cr-25.0Ni-50.0V and (b) Choi et al.’s database [13,14] in comparison 
with AIMD results at 2700 K with differences between CALPHAD and AIMD being 16,441.8 J/mol-atom at 25.0Cr-50.0Ni-25.0V, 18,742.4 J/mol-atom at 
50.0Cr-25.0Ni-25.0V, and 15,106.5 J/mol-atom at 25.0Cr-25.0Ni-50.0V. 
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better match with data from Carlson et al. [38]. The average difference 
between the present work’s phase boundaries and data from Smith et al. 
[40] and from Carlson et al. [38] is around 12 K and 11 K, respectively. 
In contrast, the phase diagram from Ghosh’s modeling [32] agrees well 
with data from Smith et al. [40], but not with those from Carlson et al. 
[38]. The average difference between the phase diagram from Ghosh’s 
modeling [32] and experimental data from Smith et al. [40] and Carlson 
et al. [38] is around 6 K and 23 K, respectively. Thus, the phase diagram 
from the present work matches well with both sets of experimental data, 
while Ghosh’s modeling [32] provides a better match only with Smith 
et al. [40]. 

Fig. 4 shows the predicted isothermal sections of Cr-Ni-V from the 
present modeling and Choi et al.’s modeling [13,14] at (a, b) 1275 K, (c, 
d) 1373 K, and (e, f) 1425 K compared to experimental data from 
Kodentzov et al. [50] at 1275 K and 1425 K, and Singh et al. [51] and 
Malhotra et al. [52] at 1373 K. As shown in Fig. 4(a) and (b), both 
modeling works provide a good match with experimental data at 1275 K 
for the boundary between the sigma and bcc, which ranges from 
0.0Cr-25.8Ni-74.2V to 5.3Cr-11.0Ni-83.7V on the sigma side and 
0.0Cr-12.8Ni-87.2V to 3.8Cr-27.4Ni-68.8V on the bcc side. Regarding 
the two-phase sigma and fcc region, the present work provides a better 
match to experimental data on the sigma boundary that ranges from 
3.3Cr-44.4Ni-52.3V to 31.5Cr-38.9Ni-29.6V and the fcc phase, ranging 
from 3.3Cr-44.4Ni-52.3V to 31.5Cr-39.6Ni-28.9V. In contrast, the 
modeling by Choi et al. [13,14] depicts the sigma boundary to be be
tween 3.3Cr-43.0Ni-53.7V to 31.5Cr-34.5Ni-34.0V and does not agree 
with experimental data which ranges from 3.3Cr-44.4Ni-52.3V to 
31.5Cr-39.6Ni-26.9V. 

Fig. 4(c-d) give the isothermal section at 1373 K for Cr-Ni-V from the 
present modeling and Choi et al.’s modeling [13,14], overlayed with 
experimental data from Singh et al. [51] and Malhotra et al. [52]. 
Although experimental data from Singh et al. [51] and Malhotra et al. 
[52] exhibit scatter along the fcc boundary that extends from 
9.8Cr-62.3Ni-27.9V to 15.3Cr-61.9Ni-22.8V between the sigma and fcc 
phases, the sigma phase boundary between sigma and bcc which spans 
from 4.9Cr-28.3Ni-66.8V to 10.4Cr-29.1Ni-60.5V from both models 
match well with experimental data. However, Choi et al.’s modeling 
[13,14] predicts a sigma boundary between the two-phase sigma and 
bcc region to occur at 25.5Cr-29.7Ni-44.8V and does not align with the 
experimental data from Singh et al. [51] observed at 
25.5Cr-32.2Ni-42.3V. In contrast, the present modeling provides a 
boundary prediction at a composition of 25.5Cr-31.5Ni-43.0V which 
better matches experimental data on the sigma boundary. Additionally, 

the present modeling provides a boundary for sigma that ranges from 
24.5Cr-39.7Ni-35.8V to 29.2Cr-39.2Ni-31.6V between the sigma and 
bcc phases, which better match the experimental data from composi
tions at 24.5Cr-40.6Ni-34.9V and 29.2Cr-40.0Ni-30.8V, compared to 
Choi et al.’s modeling [13,14] which predicts a boundary between 
24.5Cr-36.5Ni-39.0V and 29.2Cr-35.3Ni-35.5V. 

Fig. 4(e-f) provide a comparison between isothermal sections at 
1425 K for the two databases overlayed with experimental data from 
Kodentzov et al. [50] which shows good agreement between the present 
modeling and experiments. The present modeling has differences of less 
than 1.5 at% Cr and 1.5 at% Ni between experiments and predictions 
along all boundaries, except for at the sigma boundary at a composition 
predicted to be 39.5Cr-36.5Ni-24.0V, while experimentally it was 
observed at 42.5Cr-36.5Ni-21.0V [50]. In contrast, Choi et al.’s 
modeling [13,14] matches well with the experimental data for the 
boundary of the sigma phase between the two-phase sigma and bcc re
gion, where the sigma boundary extends from 7.3Cr-28.9Ni-63.8V to 
34.9Cr-30.7Ni-34.4V and the bcc boundary extends from 
2.3Cr-16.4Ni-81.3V to 51.1Cr-18.9Ni-30.0V. However, Choi et al.’s 
modeling [13,14] does not align with the experimentally determined 
sigma boundary at 42.3Cr-35.7Ni-22.0V or the bcc boundary experi
mentally observed at 56.1Cr-24.2Ni-19.7V [50]. 

Additionally, Choi et al.’s modeling [13,14] matches well with 
experimental data for the fcc and sigma boundaries of the two-phase 
region contained between them. The fcc boundary is predicted to 
occur between 11.1Cr-55.4Ni-33.5V to 16.3Cr-57.3Ni-26.4V while the 
sigma boundary ranges from 18.8Cr-41.0Ni-40.2V to 
26.6Cr-39.4Ni-34.0V. Furthermore, Choi et al.’s modeling [13,14] of the 
bcc boundary 58.4Cr-27.8Ni-13.8V and fcc boundary 
32.7Cr-48.4Ni-18.9V along a predicted tie line did not match those 
compositions in the experimentally observed bcc composition, 
58.4Cr-26.1Ni-15.5V, and fcc composition, 32.7Cr-49.4Ni-17.9V. These 
results show that the present modeling is in better agreement with 
experimental data than the modeling from Choi et al. [13,14], particu
larly for the sigma boundary between the two-phase sigma and fcc re
gion at 1275 K and 1425 K. 

3.2. Experimental results 

To demonstrate the importance of a validated and accurate database 
for predicting phase formation in alloys, additional experimental data 
were collected in the present work to validate the Cr-Ni-V model using 
the fabricated NiCr-V FGM. To determine the phases along the linear 

Fig. 3. Phase diagram of Cr-V using (a) the present database and (b) Ghosh’s model [32] with experimental data from Carlson et al. [38] and Smith et al. [40].  
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NiCr to V composition pathway, EDS area scans and EBSD data were 
collected across the height of the FGM. EDS and EBSD analysis focused 
on 11 distinct compositions along the FGM that ranged from 3 to 59 wt% 
V, as shown in Fig. 5. From here on, compositions will be defined in wt% 
V with the understanding that the balance is NiCr. 

Faceted particles, which will be discussed later, were present in 

regions with 16 – 59 wt% V and were likely a result of powder 
contamination with boron. Small round particles were also present 
throughout the areas and were found to be carbides. To focus on the 
phases present in just the Cr-Ni-V ternary, the compositions of the areas 
surrounding these particles, referred to as the matrix, were analyzed and 
used for comparison to computational phase predictions. EDS area scans 

Fig. 4. Isothermal sections of Cr-Ni-V using both the (a, c, e) present database and (b, d, f) Choi et al. database [13,14] at (a, b) 1275 K, (c, d) 1373 K and (e, f) 
1425 K in comparison with experimental data from Kodentzov et al. [50] at 1275 and 1425 K, Singh et al. [51] and Malhotra et al. [52] at 1373 K. 
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Fig. 5. Secondary electron images, EDS elemental area maps, and EBSD phase maps of select areas in the NiCr-V FGM sample, where V wt% is given for each row of 
images. Round V-rich particles are present in regions with 11 – 26 wt% V, while faceted B-, Cr-, and V-rich particles appear with 16–59 wt% V. 
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of approximately 65 μm x 45 μm in size were sub-sectioned into five 13 
μm x 45 μm areas, from which composition data were averaged and used 
to calculate the standard deviation of the overall scan area. The com
positions from this analysis are shown in Fig. 6 in comparison with those 
for an ideal linear composition gradient between NiCr and V and were 
found to be in alignment with each other. 

The EBSD scans were analyzed for fcc, bcc, and intermetallic com
pounds of CrNi2, sigma, NiV3, and Ni2V7 as they are compounds within 
the Cr-Ni-V ternary system. Average area fractions and standard de
viations of phases for each layer composition of interest were calculated 
using the same method above on the scans for composition analysis. The 
amount of zero-solution for each area was added to the positive direc
tion of the error bars to account for the uncertainty in what phases were 
present in those regions, and the resulting phase fractions as a function 
of composition in the FGM are compared with computational pre
dictions in Fig. 7. Considering only the matrix phase(s), EBSD analysis 
indicated that only fcc was present from compositions of 3 wt% V up to 
25 wt% V, a two-phase mixture of sigma and fcc was present between 34 
and 42 wt% V, and for 52 and 54 wt% V, only sigma phase was 
observed. At a composition of 59 wt% V, primarily sigma phase was 
present with a small amount of bcc phase, as shown in the phase maps in 
Fig. 5. 

Additional composition and phase analyses were performed on the 
small round particles that appeared between 11 and 34 wt% V and the 
faceted particles that appeared between 16 and 59 wt% V. EDS area 
scans indicated that the round particles were enriched in V and C, as 
shown in Fig. 5, and EBSD analysis identified these particles to be fcc VC. 
EDS area scans of the irregular particles and interdendrite areas of the 3 
– 16 wt% V locations indicated that these features were enriched in B as 
shown in Fig. 5. EPMA analysis confirmed the composition of the par
ticles to be approximately that of MB and M3B2 compounds. The pres
ence of borides was further confirmed by EBSD phase analysis, which 

identified these particles to have crystal structures that correspond to 
MB and M3B2 phases, where M indicates a mixture of Cr and V [55]. As B 
should not have been present in this FGM, it is likely that the powders 
were contaminated during pre-processing (e.g., sieving or storage) or 
in-process (e.g., due to residual boron in the feedlines from a previous 
build). 

While not the focus of this study, to confirm the formation of borides 
in this Cr-Ni-V system contaminated with boron, the borides that 
experimentally appeared in the sample were modeled using the CAL
PHAD method and were incorporated into the modeling for the present 
work. The model adopted the B-containing binary phase diagrams from 
the latest publications on Cr-B from Tojo et al. [56], Ni-B from Oikawa 
et al. [57], and V-B from da Silva et al. [58]. The ΔHf of MB and M3B2 
were calculated from both DFT [59,60] and the machine learning (ML) 
model from SIPFENN [61] which were trained based on OQMD data [59, 
60] with a mean absolute error (MAE) of 41.9 meV/atom. Based on the 
modeling, the lowest ΔHf appears at (V)0.5(B)0.5 for MB and 
(Cr0.25V0.75)0.6(B)0.4 for M3B2, indicating there are two stable 
ternary borides in the B-Cr-Ni-V system, MB and M3B2. 

With the updated model for the B-Cr-Ni-V system, Scheil simulations 
were performed to thermodynamically explain the formation of borides 
found in the NiCr-V FGM and to understand the effect of B on phase 
formation in the sample. The overall B content was estimated by using 
weighted fractions between the particle compositions and the matrix. 
Particle compositions were calculated using stoichiometry of the MB and 
M3B2 compounds and EDS data for the fractions of Cr and V contained 
within the particles, then were weighted according to the phase frac
tions of the phases observed from EBSD analysis. As shown in Table 5, 
the computationally predicted phase fractions from Scheil simulations 
performed on these B-containing compositions aligned with the exper
imentally observed phase results for the overall area compositions, 
demonstrating the accuracy of the database modeling. 

To understand the influence of B on the phase formation in the NiCr- 
V system, comparisons between experimentally observed phase frac
tions were made between the matrix area and the entire overall area 
(including the borides) by calculating the relative ratio of fcc, sigma, and 
bcc phases in these areas, as given in Table 6. This calculation was 
performed to remove the effect of borides on the phase fraction amounts 
observed in the overall area. These relative phase fractions were then 
compared to the experimentally observed phase fractions in the matrix 
and were found to fall within the error calculations of the experimen
tally observed matrix phase(s) in the NiCr-V FGM. Thus, it was 
concluded that the presence of borides in the build did not have a 
distinguishable effect on the phase formation, which is reasonable 
considering that boride particles have significantly higher melting 
temperatures (~2300 K for V3B2 and 2500 K for VB) [62], resulting in 
those compounds solidifying first, and leaving behind a melt pool 
composition made up of Cr-Ni-V from which solidification would pro
ceed. It is hypothesized that this difference in melting temperatures 
would lead to the borides solidifying out of the melt prior to solidifi
cation of any other phases, such that they would not participate in the 
rest of the subsequent solidification of phases from the remaining melt. 

3.3. Comparison of experimental results with computational predictions 

Thermodynamic calculations were performed using the present 
model and the model developed by Choi et al. [13,14] to predict phases 
as a function of composition in the Cr-Ni-V system, with experimental 
validation provided along the linear gradient path between NiCr and V. 
A comparison of the phases predicted by the two databases is shown in 
Fig. 7, along with the experimentally collected phase data for the 11 
compositions that were measured along the height of the FGM. Fig. 7(a) 
provides the phases predicted by equilibrium calculations. As shown, 
the equilibrium calculations suggest a transition from fcc to sigma as V 
content reached 20 wt% for the present model and 18 wt% in that by 
Choi et al. [13,14], then a transition from sigma to bcc when the V 

Fig. 6. Compositions for a nominal linear gradient from NiCr to V (lines) 
compared to EDS-measured area compositions along the fabricated FGM 
(symbols), excluding the compositions of the particles. 

B. Tonyali et al.                                                                                                                                                                                                                                 



Journal of Alloys and Compounds 985 (2024) 174011

11

content in the sample increases above 65 wt% from the present model 
and 63 wt% for Choi et al.’s model [13,14]. Additionally, the equilib
rium calculations using the present database predicts the CrNi2 inter
metallic phase to be present near the NiCr-rich end and NiV3 near V-rich 
end, and Choi et al.’s database [13,14] predicts Ni2V7 to be present in 
the V-rich end along the gradient path, none of which were experi
mentally observed. 

The differences in the equilibrium predictions between the two 
thermodynamic models is due to the non-stoichiometric phase de
scriptions for CrNi2 and Ni3V that were incorporated into the present 
model, allowing for the CrNi2 and Ni3V phases to form across a wider 
composition range than that in Choi et al.’s model [13,14]. The updated 
modeling in the present work features a modified sublattice model 
compared to Choi et al.’s [13,14], including the use of a (Cr, Ni, V)1(Cr, 

Fig. 7. Experimentally measured phase mole fractions as a function of wt% V (balance NiCr) of the matrix area in the NiCr-V FGM compared with phases predicted 
by (a) equilibrium calculations at 1000 K and (b) Scheil solidification simulations using the present database (solid lines) and the database by Choi et al. [13,14] 
(dashed lines). 

Table 5 
Comparison between the experimentally observed phase fractions from EBSD at the given overall area compositions to the computationally predicted area fractions 
using the B-Cr-Ni-V database.  

Overall Composition (wt%) Overall Phase Fraction (Experimental) Predicted Phase Fraction 

B Cr Ni V zero fcc sigma bcc M3B2 MB fcc sigma bcc M3B2 MB  

1.44  25.74  68.82  4.01 0.04 ± 0.01 0.88 ± 0.01    0.08 ± 0.01  0.86        0.14  
0  18.82  67.36  10.72 0.03 ± 0.02 0.94 ± 0.02   0.01 ± 0.01 0.02 ± 0.01  1          
0.43  18.09  64.21  17.27 0.01 ± 0 0.01 ± 0.01   0 ± 0.01 0.03 ± 0.01  0.95      0.04  0.01  
1.26  17.69  56.43  24.61 0.02 ± 0.01 0.89 ± 0.07   0.05 ± 0.05 0.05 ± 0.06  0.85      0.15    
1.57  15.9  53.63  28.9 0.02 ± 0 0.88 ± 0.04   0.04 ± 0.02 0.06 ± 0.05  0.8  0.01    0.19    
2.73  15.23  40.79  41.25 0.03 ± 0.01 0.47 ± 0.14 0.27 ± 0.06  0.21 ± 0.18 0.01 ± 0.01  0.43  0.26    0.28    
1.92  13.81  38.96  41.97  0.34 ± 0.09 0.5 ± 0.05  0.14 ± 0.09 0.02 ± 0.01  0.14  0.64    0.22    
1.43  12.23  41.13  45.21 0.04 ± 0.01 0.2 ± 0.05 0.64 ± 0.03  0.11 ± 0.03   0.15  0.68    0.17    
1.26  10.2  34.51  54.03 0.02 ± 0.01 0 ± 0 0.88 ± 0.05  0.09 ± 0.05     0.85    0.15    
2.32  10.3  29  58.37 0.05 ± 0.05 0 ± 0 0.78 ± 0.22  0.18 ± 0.24     0.68  0.06  0.26    
1.29  8.63  29.51  60.57 0.03 ± 0.02 0 ± 0 0.68 ± 0.12 0.18 ± 0.11 0.11 ± 0.04 0 ± 0    0.61  0.24  0.15    

B. Tonyali et al.                                                                                                                                                                                                                                 



Journal of Alloys and Compounds 985 (2024) 174011

12

Ni)2 model instead of (V)1(Ni)2 to incorporate Cr into the CrNi2 phase, 
which is the VNi2 phase in Choi et al. [13,14] but is not predicted to form 
here. Additionally, the (Ni, V)1(Ni, V)3 sublattice model is used instead 
of the (Ni)2(V)7 sublattice in Choi et al. [21], resulting in a wider 
composition range for the NiV3 phase to appear in the Ni-V system. With 
these differences, the present modeling predicts the formation of fcc, 
sigma, and bcc, and intermetallic phases CrNi2 and NiV3, while Choi 
et al.’s modeling [13,14] predicts fcc, sigma, and Ni2V7 phases to form 
across the same composition range. 

While the equilibrium phase predictions at 1000 K were used to 
represent the lowest temperature threshold at which solid state phase 
transformations were assumed to be kinetically feasible during the FGM 
fabrication via DED AM, the intermetallic CrNi2 phase that is predicted 
to form in the present database along the sample did not experimentally 
appear. Although previous work has suggested that kinetically driven 
phase transformations are possible from the solidus temperature down 
to approximately 1000 K for another Ni-Cr alloy [54], the experimental 
results here suggest that it is possible that the kinetically induced 
solid-state phase transformations may occur at temperatures higher than 

1000 K in AM processing or may not have sufficient time between 
thermal cycles to occur. The Scheil solidification simulations were found 
to be a better predictor for phases formed in the DED AM deposition of 
the NiCr-V FGM, agreeing with our previous findings [27]. 

As shown in Fig. 7(b), Scheil solidification simulations for both 
thermodynamic databases predict a smooth transition from fcc at the 
NiCr-rich end of the FGM, to sigma phase with the introduction of V, 
then to bcc at the V-rich end of the gradient, with no additional inter
metallic phases predicted, which is in general agreement with the 
experimentally observed phases along the NiCr-V FGM. The present 
model aligns better with the experimental results than those from Choi 
et al. [13,14] as almost all the predictions from the present database fall 
within the error bounds of the experimentally observed results, while all 
predictions except for those in the NiCr-rich end from Choi et al. [13,14] 
are shown to deviate from experimental observations, with even more 
pronounced differences at higher V contents across the gradient. 

Although both CALPHAD models predicted the same phases to 
appear in the matrix compositions investigated, they differ in the phase 
fractions of each phase predicted. For example, the present model 

Table 6 
Calculated overall composition of scan areas, in wt%, along the NiCr-V FGM and their experimentally observed relative ratios of fcc, sigma, and bcc phases compared to 
the composition of the matrix area, in wt%, with the average phase fraction of the area surrounding the boride particles, referred to as the matrix phase(s).  

Overall Composition (wt%) Relative Ratio of Average Phase Amounts 
from Overall Phase Fractions 

Composition of Matrix (wt%) Phase Fractions in Matrix 

B Cr Ni V fcc sigma bcc B Cr Ni V zero fcc sigma bcc 

1.44 25.74 68.82 4.01 1   - 21.6 75.07 3.33 0.04 ± 0.01 0.96 ± 0.01   
0 18.82 67.36 10.72 1   - 19.42 69.51 11.07 0.03 ± 0.02 0.97 ± 0.02   
0.43 18.09 64.21 17.27 1   - 17.34 66.24 16.41 0.01 ± 0 0.99 ± 0   
1.26 17.69 56.43 24.61 1   - 16.87 62.42 20.71 0.02 ± 0.01 0.98 ± 0.01   
1.57 15.9 53.63 28.9 1   - 15.11 59.72 25.17 0.02 ± 0 0.98 ± 0   
2.73 15.23 40.79 41.25 0.63 0.37  - 13.6 52.36 34.03 0.04 ± 0.01 0.61 ± 0.07 0.36 ± 0.06  
1.92 13.81 38.96 41.97 0.41 0.59  - 13.42 48.03 38.54 0 ± 0 0.4 ± 0.07 0.6 ± 0.07  
1.43 12.23 41.13 45.21 0.24 0.76  - 11.67 46.51 41.82 0.05 ± 0.01 0.22 ± 0.05 0.73 ± 0.04  
1.26 10.2 34.51 54.03 0 1  - 9.86 38.43 51.71 0.03 ± 0.01  0.97 ± 0.01  
2.32 10.3 29 58.37 0 1  - 10.25 35.7 54.05 0.05 ± 0.05  0.95 ± 0.05  
1.29 8.63 29.51 60.57 0 0.79 0.21 - 8.53 32.94 58.52 0.03 ± 0.02  0.76 ± 0.12 0.21 ± 0.13  

Fig. 8. Feasibility maps for the Cr-Ni-V ternary showing locations predicted to be feasible based on equilibrium calculations between 1000 K and 2200 K and Scheil 
calculations using (a) the database developed by Choi et al. [13,14] and (b) the database developed for the present work. Compositions are assumed to be feasible if 
under 0.10 mol fraction of sigma phase was predicted to form under equilibrium and Scheil conditions (areas in green). Note that in this ternary system, there were 
no compositions that were both feasible based on equilibrium calculations and infeasible based on Scheil calculations. 
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consistently predicts more sigma phase to form than in Choi et al.’s 
model [13,14] between 32 and 71 wt% V. The difference in Scheil 
simulation predictions between the present model and that from Choi 
et al.’s [13,14] is a result of the difference in modeling of liquid in the 
Cr-Ni-V ternary system. The ternary interaction parameters dictate the 
liquidus and solidus temperatures and affect the Scheil simulations 
significantly. Thus, the corrections made to the liquid phase in the 
present model improve the accuracy of the Scheil predictions. 

3.4. Feasibility mapping of FGMs and crack location 

Experimental data were used for validation of the feasibility maps 
[12,15] constructed of the two CALPHAD models for evaluation of 
feasible and infeasible compositions within the Cr-Ni-V ternary 
composition space. Special attention was given to the regions designated 
as Scheil infeasible due to the alignment of Scheil predictions with 
experimentally observed phases present along the FGM. As shown in  
Fig. 8, the two databases predict varying infeasible and feasible areas 
within the build space, with the present database predicting a wider 
range of infeasible compositions near the Cr-rich corner from both Scheil 
and equilibrium predictions. 

For the linear gradient between NiCr and V, both feasibility maps 
correctly predict the infeasible build compositions between 34 – 59 wt% 
V using the Scheil simulations, due to having higher than the allowed 
0.10 mol fraction detrimental (sigma) phase. These compositions are 
depicted in Fig. 8, and are contained within the regions marked in dark 
red as equilibrium and Scheil infeasible. With experimental validation of 
this area confirming it to be definitively infeasible due to having higher 
than the allowable threshold of sigma phase, a new potential pathway 
was plotted along the feasibility maps to grade around regions predicted 
to form these high amounts of deleterious phase by avoiding the regions 
predicted to be (equilibrium and) Scheil infeasible. 

However, due to different feasibility predictions between the feasi
bility maps of the two models, care must be taken in evaluating a 
CALPHAD model’s ability to predict accurate amounts of phases in a 
material system. Fig. 8 presents a single alternative gradient pathway 
drawn on a feasibility map of the present model and the model by Choi 
et al. [13,14]. The path is predicted to be feasible using the modeling by 
Choi et al. [13,14] in Fig. 8(a), and is not feasible when drawn across the 
feasibility map from the present model, shown in Fig. 8(b). Because the 
present model is more suitable for AM phase predictions due to the 
improvements in the liquid phases and updated binary models, these 
results indicate that it would be necessary to grade further out into 
Cr-rich compositions to avoid high amounts of deleterious sigma phase 
from forming than suggested by the prediction using Choi et al.’s ther
modynamic database [13,14]. These differences in feasible build space 
between the two CALPHAD model predictions for the Cr-Ni-V system 
demonstrate the importance of using experimentally validated, accurate 
liquid phase modeling in thermodynamic modeling for informed path 
planning in additively manufactured FGMs. 

Cracking was also experimentally observed in the NiCr-V FGM 
gradient around 52 wt% V, as noted on the feasibility maps in Fig. 8. At 
this composition, both experiments and simulations from the present 
database show 100% brittle sigma phase, which was accurately pre
dicted in both feasibility maps to be infeasible. While it is unknown what 
the exact cause of cracking is in this FGM due to its fabrication resulting 
in a nonlinear gradient as a function of height, it is thought that the 
sigma phase is too brittle to withstand the transient thermal stresses due 
to in-situ thermal cycles in addition to the stresses that arise from the 
sudden composition jumps along the build height. Regardless, it is un
desirable to grade into regions containing this much sigma phase, and 
thus, a linear composition gradient between NiCr and V is an undesir
able path through which to grade an FGM, in joining, for example, 
stainless steel and Ti-6Al-4V. 

4. Conclusions 

The present work used thermodynamic data from DFT-based first- 
principles and AIMD simulations, and recent experimental data from 
literature to remodel the Cr-V and Cr-Ni-V systems. The Cr-V system was 
remodeled using the DFT calculations from Gao et al. [33], while the 
ternary liquid was remodeled based on the AIMD simulations. To vali
date the present database for the ternary Cr-Ni-V system, an FGM 
grading from 0 wt% V to 59 wt% V (balance NiCr) was fabricated using 
DED AM. The compositions and phases of the FGM were characterized 
using EDS and EBSD. The experimentally identified phases as a function 
of composition were compared to equilibrium and Scheil solidification 
simulations using an existing thermodynamic database in the literature 
as well as the present database. The key findings are as follows:  

• Improvements were made to the Cr-Ni-V thermodynamic modeling 
through the addition of accurate sublattice models for binary systems 
and the addition of ternary liquid parameters with the inputs from 
the present AIMD simulations, making the present thermodynamic 
model more suitable for predicting phases in an additively manu
factured FGM over other Cr-Ni-V models.  

• Scheil simulations performed using the present CALPHAD model 
accurately predicted the experimentally observed phases along the 
NiCr-V FGM. The present CALPHAD modeling and that by Choi et al. 
[13,14] predicted the same phases to appear along the sample height 
as a function of composition, while the present database more 
accurately captured the phase fractions of fcc, sigma, and bcc present 
at a given composition. 

• A linear gradient from Ni-20Cr to V resulted in the formation of re
gions containing 100% sigma phase and is therefore an undesirable 
gradient pathway through the Cr-Ni-V ternary composition space.  

• Boron contamination led to the formation of MB and M3B2 borides 
and while they do not have a significant influence on the phases that 
formed in the NiCr-V FGM, the observation of borides highlights the 
importance of identifying and controlling the amount of trace ele
ments present in the AM process. 
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