Ab initio Simulations on the Pure Cr Lattice stability at 0K: Verification with the Fe-Cr and Ni-Cr Binary Systems
Songge Yang1, Yi Wang2, Zi-Kui Liu2, Yu Zhong1
1Department of Material Science and Engineering, Worcester Polytechnic Institute, 100 Institute Rd, Worcester, MA, 01609, USA
2Department of Materials Science and Engineering, Pennsylvania State University, University Park, PA 16802, USA

1. Introduction

2. Computational details

1.1 Importance of lattice stability

Face Center Cubic structures(FCC)
Body Center Cubic structures(BCC)

✓ 16 and 32 atoms per unit cell for
binary systems

The Gibbs energy difference of pure

1. Phonon calculation of FCC-Cr

Atomic arrangement tested:

SQS structures:

Definition:

4.2 The reliability of lattice stability of Cr derived by ab initio approach

3.3 Integration of ab initio Cr lattice stability into Fe-Cr and Ni-Cr systems

❑ Imaginary frequency is observed for FCC-Cr

Fe-Cr

❑ The 𝑺𝑭𝑪𝑪
𝑪r cannot be physically defined

0𝐿𝐹𝐶𝐶

1 𝐹𝐶𝐶
𝐶𝑟,𝐹𝑒 = −30,441.6−26.09T, 𝐿𝐶𝑟,𝐹𝑒 =−16,906.5−26.75T
2𝐿𝐹𝐶𝐶 =−24,125.7
𝐶𝑟,𝐹𝑒

elements in two different states.
BCC

Importance:
❑ Construct the Gibbs energy of pure elements

2. Inflection detection method

❑ Determine the reliability of CALPHAD modeling for

FCC
Ni-Cr

multi-component systems.

0𝐿𝐹𝐶𝐶

✓ DFT
•
•

Two ways of the determination of lattice stability:
❑ CALPHAD approach (extrapolation)-developed by SGTE

•
•

❑ Ab initio approach (electron density calculation)

Vienna ab initio simulation package (VASP)
Generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional
Cutoff energy 520 eV
Monkhorst-Pack k-point meshes with density not less than 5000 pra (perreciprocal-atom))

3. Results

1.2 The problems (ab initio/SGTE lattice stabilities comparison)

3.1

∆𝐻𝑚𝑖𝑥

𝐶𝑟,𝑁𝑖 = −50,807.7−15.5T,
2𝐿𝐹𝐶𝐶 =−34,928.0
𝐶𝑟,𝑁𝑖

Φ
∆𝐻𝑚𝑖𝑥
𝐴1−𝑥 𝐵𝑥 = 𝐸 Φ 𝐴1−𝑥 𝐵𝑥 − 1 − 𝑥 𝐸 Φ 𝐴 − 𝑥𝐸 Φ 𝐵

3.4 Metastable Equilibrium Liquid and FCC in Fe-Cr and Ni-Cr

frequency and show the instability
❑

(a) 𝑺𝑭𝑪𝑪
𝑪𝒓

(b) 𝑯𝑭𝑪𝑪
𝑪𝒓
The integration of ab initio Cr
Ab initio Cr lattice stability (This work) lattice stability into CALPHAD
modeling gives a negative
metastable melting point.

❑ Significant discrepancies are
observed for FCC phase

Ni-Cr

Researchers have divided opinions:
Supporters:
❖ Saunders et al.1 :The ab initio calculations have the inherent
capability of yielding accurate energy value for metastable FCC
structure at 0K.
𝐶𝑟
❖ Grimvall et al.2: 𝐻𝐹𝐶𝐶
has a well-defined physical meaning if it is
calculated by the rigid structure.

Opponents:
❖ Asker et al.3 : The ab initio calculations at 0 K of the static lattice could
not provide accurate information about the lattice stability because of the
𝐶𝑟
𝐹𝐶𝐶
mechanical instabilities (Both 𝐻𝐹𝐶𝐶
and 𝑆𝐶𝑟
are not physically defined)

1. A.F. Guillermet, M. Hillert, A thermodynamic analysis of the calphad approach to phase stability of the transition metals, Calphad, 12 (1988) 337-349.

Fe-Cr

CALPHAD (1992)

Ni-Cr

4. Discussion

3.2 ∆𝐻 𝑓 in Fe-Cr and Ni-Cr binary system

.

∆𝐻𝑓Φ

𝐴1−𝑥 𝐵𝑥 = 𝐸

Φ

𝛼

Ab initio Cr lattice stability (This work)

4.1 The reliability of lattice stability of Cr derived by traditional CALPHAD approach

β

𝐴1−𝑥 𝐵𝑥 − 1 − 𝑥 𝐸 𝐴 − 𝑥𝐸 𝐵

Approach to get FCC, Liquid Gibbs energy from CALPHAD (Pure-Cr) However, these assumptions has been criticized by
Matts Hillert.1

Fe-Cr and Ni-Cr phase diagram

Why we integrate the ab initio lattice stability into CALPHAD modeling?
(b) Estimated 𝑺𝑭𝑪𝑪
𝑪r
𝑩𝑪𝑪
Traditional CALPHAD assumption: 𝑺𝑭𝑪𝑪
𝑪r is very close to 𝑺𝑪r

1. Remove the discrepancies of ∆H mix in Cr-contained binary systems or even ternary systems.

database assessment easier (binaries, ternaries and even quaternary systems for this 11 elements) .

Phonon calculation

❑ 𝑺𝑭𝑪𝑪
𝑪𝒓 can not be physically defined because of the imaginary phonon mode

Fe-Cr

❑ Good agreement between ab
initio calculation and CALPHAD
for BCC Fe-Cr and Ni-Cr binary
systems

2. Testify if the ab initio total energy of Cr can be successfully used in the CALPHAD modeling of

2. Accelerate the integration between ab initio and CALPHAD approach and make the binary/ternary

𝑭𝑪𝑪
𝑭𝑪𝑪
𝑮𝑭𝑪𝑪
𝑪𝒓 = 𝑯𝑪𝒓 −𝑻𝑺𝑪𝒓

❑ We could not claim that the 𝑯𝑪𝒓
𝑭𝑪𝑪 proposed by ab initio calculation is error-free, but this value
would be a much better scientific guess

V, Cr, Nb, Mo, Tc, Ru, Rh, Pd, W, Re, Os and Ir (>10 KJ/mol)

1. Systematically investigate the lattice stability of Cr derived by both approach

The FCC energy should be higher

Our opinion

Total energy
calculation (0K)

❑ Significant discrepancies between ab initio and CALPHAD approach has been observed, but it is hard to draw
the conclusion about the reliability of both approaches

Objective of the present work

FCC-Cr should have imaginary

than the inflection point energy

CALPHAD (2018)

❖

❑
𝐶𝑟,𝑁𝑖 =−8,203.5−28.28T

.

FCC

Inflection point is not FCC structure

1𝐿𝐹𝐶𝐶

of BCC and FCC phase in Fe-Cr and Ni-Cr binary system

BCC

❑

Fe-Cr

𝑩𝑪𝑪
Saunders et al.2: 𝑺𝑭𝑪𝑪
𝑪r could be very different from 𝑺𝑪r (There
is a general tendency that the entropy of melting is higher the
higher the melting temperature is).

Ni-Cr

❑ Discrepancies between the ab initio and CALPHAD for the FCC phase on the Fe-rich and Nirich side is significantly reduced when comparing the ∆𝐻 𝑓
❑ The reason for the FCC ∆𝐻𝑚𝑖𝑥 discrepancies is related to the difference of Cr lattice stability

CALPHAD assumptions for FCC-Cr lattice stability:
1.
2.
3.

❑ The lattice stability of Cr determined by traditional
CALPHAD approach is problematic

FCC-Cr has a positive metastable melting point.
The metastable melting point of FCC-Cr can be 100% extrapolated by binary system
𝑩𝑪𝑪
The 𝑺𝑭𝑪𝑪
𝑪r is very close to 𝑺𝑪r

2. Saunders, N., Miodownik, A.P. and Dinsdale, A.T., 1988. Metastable lattice stabilities for the elements. Calphad, 12(4), pp.351-374.

