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Introduction

High entropy alloys (HEAs) are defined as alloys with
five or more components, and their configurational
entropy is larger than 1.5R in their random solution
state, here R is the gas constant [1]. The four core
effects of HEAs accommodate its excellent proper-
ties: exceptional mechanical strength, high hardness
and wear resistance, high-temperature strength, high
corrosion, and oxidation resistance [2], and ultrahigh
fracture toughness [3]. Recently, several prediction
methodologies have been reported to explore new
HEAs [4], their phase formations [5], yield strength [6],
and elastic properties [7]. Kinetic and thermodynamic
databases are the foundational inputs for such predic-
tions when combined with the CAlculation of PHAse
Diagrams (CALPHAD) method [8]. CALPHAD is an
established methodology that predicts the properties
of multicomponent systems by using the interaction
parameters of unary, binary, and ternary systems. The
influence of interaction parameters within quaternary
or higher-order systems on the CALPHAD method
is minimal, primarily attributed to the compounded
effect of the multiplication of mole fractions of the
constituent elements. Consequently, the evaluation
of interaction parameters of ternary or lower-order
systems assumes paramount significance in the estab-
lishment of a robust thermodynamic database. Kinetic
and thermodynamic databases are also important for

@ Springer

modelling diffusion-controlled processes such as pre-
cipitation hardening [9], creep rate [10], and phase
transformation kinetics [11].

The first step in obtaining the optimized thermody-
namic parameters is to obtain numerous experimental
data points. The experimental data for thermodynamic
assessments usually contain phase equilibrium, and
thermochemical and magnetic property data [12].
The second step, optimization, is generally conducted
using the CALPHAD method and the least mean
square fitting of the experimental data. The user could
adjust the initial values of the thermodynamic param-
eters and error weights to reproduce the experimen-
tal information. When the phase equilibrium region
is extremely narrow, as in the case of the fcc phase in
binary Cr-Mn alloy [12], it is difficult to obtain accu-
rate experimental data and evaluate the optimized
thermodynamic parameters. Experimental data of
the ternary alloys are conventionally used to compen-
sate for this limitation. This study proposes a method
that utilizes the diffusion data of a ternary system to
determine the optimized thermodynamic parameters
of narrow-phase regions.

In our previous work, the phase equilibria of the
ternary Cr—-Fe-Mn [13], Co—Cr-Mn [14] and Cr-Mn-Ni
[15] subsystems were investigated and the stability
regions of the bcc, fcc, and o phases were clarified.
Experimental data could not be obtained for ter-
nary systems containing Mn to construct a diffusion



database for the Cantor alloy. Therefore, atomic mobil-
ity assessments by diffusion coupling experiments in
the fcc region have been performed for ternary sys-
tems containing Mn and have already been reported
for the Co-Fe-Mn system [16].

Co-Cr-Mn alloy is a ternary subsystem of the
widely known Cantor alloy. The kinetic and thermo-
dynamic descriptions of the Co-Cr—-Mn system are
crucial for simulating diffusion and phase diagrams
of the Cantor alloy using the CALPHAD method. In
this study, thermodynamic analysis and atomic mobil-
ity assessment were carried out by diffusion couple
experiments in the fcc Co—-Cr—Mn ternary system to
facilitate the simulation of diffusion kinetics, phase
stability and microstructural changes in the Cantor
alloy using the CALPHAD method.

Literature review
Phase diagrams and thermodynamic properties

A detailed review of the phase equilibria and ther-
modynamic properties of binary Co-Cr, Co-Mn, and
Cr-Mn systems are included in Wang et al. [17], our
previous research [16], and Lee et al. [12], respectively.

Previous studies on the thermodynamic assess-
ment of binary Co-Cr system can be found in [18-25].
Oikawa et al. [19] assessed the Co—Cr system by con-
sidering the thermodynamic properties, magnetic
properties, and experimental data. The phase sepa-
ration between the ferromagnetic and paramagnetic
fcc phases in the Co-rich region was studied in [19].
Wang et al. [23] stated that the deviations of calculated
o phase boundaries from the experimental data in
[18-22] needed for an accurate thermodynamic model
to describe the o phase. Zhao et al. [24] and Shang
et al. [25] used the CALPHAD approach combined
with first-principles calculations for thermodynamic
assessment in Co—Cr system. Experimental enthalp-
ies of mixing of the solid solutions for the fcc Co-Cr
system are consistent with the calculated values [24]
from the previous assessments [18, 22]. The thermo-
dynamic parameters from [19, 23] reproduce experi-
mental data well and were employed in this study as
they produce a better kinetic assessment. Huang et al.
[26] performed a thermodynamic assessment of binary
Co-Mn system and is considered in this study.

The phases in binary Cr-Mn include A3, A12, A13,
bec, fec, hep, h-o (high- o), liquid, and o. Hellawell

and Hume-Rothery [27] and Lugscheider and Etmayer
et al. [28] provided experimental information on the
narrow fcc region of the Cr—Mn system. In the ther-
modynamic assessment of the Cr-Mn system [12],
experimental information on the fcc/bec equilibria in
the Cr-Fe-Mn ternary system [29] was also consid-
ered in the optimization in to reduce errors in tem-
perature and composition measurement in the narrow
fccregion. All thermodynamic interaction parameters
except for LJE:Mn in the Cr-Mn system were adopted
from the assessment by Lee et al. [12]. Here, ngiMn
represents the thermodynamic interaction parameter
between Cr and Mn in the fcc phase, which was re-
evaluated in this study.

Precipitation hardening plays a vital role in tailor-
ing the mechanical properties of the Cantor alloy.
Among all the precipitates, the brittle o phase formed
at the grain boundaries of the fcc phase significantly
contributes to its high strength [30]. The ¢ phase in
the cantor alloys comprises majority of Cr and some
Co, Fe, Mn, and very limited Ni [31]. Hence, experi-
mental information on ternary Co-Cr-Mn phase dia-
grams has gained much attention recently and is ongo-
ing research. Li, Han, and Kuzovchikov et al. [14, 30,
32] provided experimental information of the ternary
Co—Cr-Mn system. A CALPHAD-type thermody-
namic assessment was performed [33] based on the
available experimental data [14]. Isothermal sections
at 900, 1050, and 1150 °C of ternary Co—Cr—-Mn phase
diagram by Li et al. [14] were considered in this study.

Atomic mobility assessment

Zhang et al. [34] performed a kinetic assessment
of binary Co-Cr alloys by DICTRA software [35,
36], using experimental data from previous studies
[37-39]. Good agreement between the calculated [34]
and experimental interdiffusion coefficients [37] con-
firmed the validity of the parameters. Zhang et al. [34]
also indicated that the interdiffusivities in fcc Co-Cr
binary systems depend considerably on magnetic
transitions; thus, the magnetic contribution in the fcc
Co-Cr-Mn system was considered in this study. A
thorough review of the atomic mobility assessment
of binary Co-Mn system was presented in [16]. Con-
sidering the limited experimental data in [40], the
atomic mobility parameters in binary Co-Mn were
reassessed using abundant ternary diffusion data,
which were validated by comparing the experimental
[40-42] with the calculated diffusion data [16] of the
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fcc ternary Co-Fe-Mn and binary Co-Mn systems in
[16]. In the Mn-rich region of the Cr—Mn system, the
narrow fcc single-phase region and high vapor pres-
sure of Mn make it difficult to experimentally measure
the Cr-Mn binary diffusion kinetics in the fcc region,
which has not been reported thus far.

Ternary interdiffusivities can be obtained by high-
throughput determination of interdiffusion coeffi-
cients [43], novel approach for evaluating interdif-
fusion coefficients [44], pragmatic numerical inverse
method [45], pseudo-binary (PB) diffusion couple
method [46] and Whittle-Green method [47]. High-
throughput determination of interdiffusion coeffi-
cients [43], novel approach for evaluating interdiffu-
sion coefficients [44], and pragmatic numerical inverse
method [45] minimise the error between measured
and calculated composition profiles to determine the
optimized mobility interaction parameters. The time
taken to solve the minimisation problem using calcu-
lated composition profiles of many diffusion couples
is considerably huge. In addressing this challenge, our
prior work [16] incorporated experimental and calcu-
lated flux data at each point across diffusion distance
of all diffusion couples. The advantage of using flux
over other diffusion data such as interdiffusivities and
impurity diffusion coefficients is that flux at each posi-
tion across diffusion distance can be obtained increas-
ing the dataset available for optimization. Experimen-
tal composition profiles and interdiffusivities were
compared and found to be in excellent agreement with
the calculated ones to validate the optimized mobil-
ity interaction parameters. Ternary interdiffusivities
from experimental composition profiles can be deter-
mined by using PB diffusion couple method [46] and
Whittle-Green method [47]. Diffusion of only two
constituent elements is developed while maintaining
a constant concentration of the third element in PB
diffusion couple. However, when the concentration of
the third element is held at a constant high, the chemi-
cal potential of this element significantly influences
the diffusion kinetics within the system. Therefore, in
this study, the Whittle-Green method [47] has been
adapted for determining the ternary interdiffusivities
from experimental data.
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Experimental methodology

Cast ingots weighing approximately 20 g were pre-
pared in an electric arc furnace on a water-cooled
copper hearth shielded by an argon atmosphere,
using high purity Co (>99.9 wt. %), Cr (>99.99 wt.
%), and Mn (>99.9 wt. %). Each alloy was remelted
five times to ensure compositional homogeneity.
Subsequently, diffusion couples were prepared to
determine atomic mobility parameters. Samples with
dimensions of 5 mm x 5 mm x 5 mm were cut from
the ingots. All surfaces were ground, and one was
polished to obtain a mirror finish. Two polished sur-
faces were placed together, and the well-contacted
diffusion couple was fixed using a specially made Mo
clamp to form a diffusion-couple assembly, as shown
in Fig. 1. It was then placed in a quartz glass capsule
backfilled with argon gas for heat treatment. Table 1
lists the composition and annealing time for different
diffusion couples quenched in ice water after the heat
treatment. The compositions of all the alloys were
designed on the Co-rich side, and the temperatures
for the heat treatment were selected based on the
stable fcc single-phase region on the existing experi-
mental isothermal sections [14]. After quenching,
the samples were polished until 2000# and buffed
using one um diamond spray. The final polishing
was conducted via vibration polishing for 12 h using
colloidal silica (OP-S Suspension-0.04 um). The con-
centration penetration profiles across the joint inter-
face were investigated using a wavelength dispersive

Mo discs

Mo bolts

Figure 1 Schematic diagram showing Mo clamp of diffusion
couples.
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Table 1 Terminal compositions and annealing time for the fcc
Co—Cr—Mn diffusion couples

Diffusion Mole fraction Tempera- Time (hrs)

couple ture (°C)

Al 0.0Cr-0.1Mn/0.1Cr-0.0 Mn 900 240
A2 0.0Cr-0.15Mn/0.1Cr-0.0Mn 900 240
A3 0.2Cr-0.0Mn/0.0Cr-0.15Mn 900 240
A4 0.2Cr-0.0Mn/0.0Cr-0.2Mn 900 240
A5 0.2Cr-0.2Mn/0.0Cr-0.0Mn 900 240
A6 0.1Cr-0.3Mn/0.1Cr-0.2Mn 900 240
A7 0.1Cr-0.4Mn/0.1Cr-0.3Mn 900 240
Bl 0.0Cr-0.1Mn/0.1Cr-0.0Mn 1050 144
B2 0.1Cr-0.0Mn/0.0Cr-0.15Mn 1050 144
B3 0.0Cr-0.0Mn/0.1Cr-0.2Mn 1050 144
B4 0.0Cr-0.3Mn/0.2Cr-0.2Mn 1050 144
B5 0.0Cr-0.0Mn/0.1Cr-0.1Mn 1050 144
B6 0.1Cr-0.3Mn/0.1Cr-0.2Mn 1050 144
C1 0.0Cr-0.1Mn/0.1Cr-0.0Mn 1150 96
Cc2 0.0Cr-0.15Mn/0.1Cr-0.0Mn 1150 96
C3 0.0Cr-0.15Mn/0.2Cr-0.0Mn 1150 96
Cc4 0.0Cr-0.0Mn/0.1Cr-0.1Mn 1150 96
C5 0.0Cr-0.0Mn/0.2Cr-0.2Mn 1150 96
Cc6 0.1Cr-0.3Mn/0.1Cr-0.2Mn 1150 96
C7 0.1Cr-0.0Mn/0.2Cr-0.2Mn 1150 96
C8 0.0Cr-0.3Mn/0.1Cr-0.2Mn 1150 96

spectroscopy (WDS) equipped with a field-emission
electron probe microanalyzer (FE-EPMA). The accel-
erating voltage and probe currents were 15 kV and
2.5 x 1078A for composition analysis.

Modelling

This section presents the formulae and theories used
for the thermodynamic and kinetic assessments. Ther-
modynamic and kinetic assessments were performed
using an in-house Python code. In a ternary substitu-
tional solid solution with components A, B, and C, the
interdiffusion flux (J;) of any component’ i’ (i=A, B) is
given by Eq. (1), which is Fick’s first law for ternary sys-
tems [48].

Ji=—=D,VC, — DGVCs, )

where Dz.a, DZ% are the interdiffusivities related to the
diffusion of element i in C matrix caused by concen-
tration gradient of A and B element, respectively.

C C C . . .
D A7 DB " AB, and Dy form a ternary 1nterd1ffusron
matrix. C;, and VC; represent the mole concentration
(22 and its gradient of element’ i’, respectively.
volume
Assuming that the partial molar volumes are constant,
the interdiffusion coefficient depends on thermody-

namic and kinetic terms, as shown in Eq. (2).

u ou
C _ k k
Dy = Zk (6 = X )XkMk<aX a_xc)

+ S[(Mk - XAMA — XBMB - XcMc)

dﬂp dﬂp
2X; Zp P p( axc>
A Zp M, I

()

where &, is the Kronecker delta (6; = 1 if k=1i; else &,
=0), and X, is the mole fraction. M, y; are the mobil-
ity and chemical potential of element ‘K, respectively.
Ay is a crystal structure dependent pure number
and is 7.15 for fcc [49]. The mobility of element ‘k” is
expressed as

V= ron( ), g

where R is the gas constant, and T is the temperature.
The composition dependence of parameter ¢; can be
described by the Redlich-Kister expansion [50], as
shown in Eq. (4).

o= LXne + 2, XX,

p q>p

qu %% =X @)

where ¢/", and "¢ /"1 are mobility parameters that are

usually lmearly related to the temperature. The
unknown binary and ternary mobility parameters of
the Co-Cr—Mn system were determined in this study.

aX L is the partial derivative of the chemical potential of

element ‘K’ with respect to the mole fraction of element
‘i, which can be obtained [43] using Gibbs energy as
stated in Eq. (5). The second term in Eq. (2) represents
the vacancy wind effect. Its consideration depends on
the value of ‘s’ (s =0 or 1). The vacancy wind effect was
considered in this study (s = 1) to incorporate the total
effect of the vacancy wind on the atomic mobility
parameters listed in Table 3.
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ou _ 0%G,, 0°G,),
X, X, 0% PaX ox,’ ©)

Here, G,, is the total molar Gibbs energy and can be
written in terms of contributions from physical and
chemical bonding, crystal structure, type of interac-
tions between components, and magnetic characteris-
tics. In phase ‘ph,’ the total molar Gibbs free energy is
expressed in Eq. (6):

h h h
Gl =G — 08! 4+ ExGh! 4 sl (6)
where OGZq is the molar Gibbs energy of the unre-
acted pure components in a solid solution, as shown

in Eq. (7).
ph _ 0
Gl = in G, @)

where °G; is the standard Gibbs free energy of com-
ponent ‘" In the second term of Eq. (6), °S”" is the
configurational entropy, which is expressed in terms
of the mole fraction, as given in Eq. (8).

ph
OSm =—-R Z Xili’lXi, (8)

The excess Gibbs energy (Eprmh ) can be expressed
as follows

G = Y Y X B X)) ©
r

i i

where "L;; is the thermodynam1c 1nteract1on param-
eter between elements i and ’j". L, was reassessed
in this study while performing the optimization. The
fourth term in Eq. (6) is from the magnetic ordering,
which was first expressed by Inden [51] and later mod-
ified by Hillert and Jarl [52] as

mag G = RTIn(p + 1)f (z), (10)
where f is the Bohr magneton number. 7 is the normal-
ized temperature (T/T,), and T, (Curie temperature) for
ternary Co—Cr-Mn alloy is given by Eq. (11). The same
expansion as that in Eq. (11) is used for g:

T.= OTCOXCO + OTCrXCr + OTMnXMn
+ XcoXer [*Teoer + ' Teocr (Xco = Xer)| (11)
+ XCOXMn [OTCoMn + 1TCoMn (XCO - XMn)]/
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where T; and °T; are the magnetic transition tem-
peratures of pure element ‘i’ and binary alloy “ij’,
respectively, and we assumed "T -, to be zero. f(7)
is expressed by Egs. (12) and (13) whenz < land = > 1,
respectively:

79c1 | 4741 T
[l40p+497<p 1)( +ﬁ+@>l (12)

= 1 7
f@ -
( ol 15 —25 >
10 ' 315 ' 1500
f@=- - , 13
where A is given by A = 1511285 + Eggé (p 1 ) pis a con-

stant dependent on the crystal structure and is 0.28 for
the fcc structure. In addition to Onsager’s formula,
Eq. (1), the flux at each point of the composition profile
can be obtained using the Whittle-Green method [47],
as shown in Eq. (14):

JWG = th(q -C) [(1 - Y,-)/:oYidx + Yi/:w(l - Yi)dx],
(14)

where J; WG is the flux obtained from the experimental
data and Whittle-Green method t is the annealmg

time and Y;is givenby Y; = are

the mole concentrations of element " on the left and
right ends of the diffusion couple, respectively. The
squared difference between the expenmental and cal-
culated fluxes given by diff = (J; —J; WG) at each point
of the composition profile, was Calculated and the
summation was minimized for kinetic and thermody-
namic assessments. Here, diff is a function to be mini-
mized to obtain the optimized parameters. All func-
tion minimizations in this study were performed using
the SciPy library [53] and the Nelder-Mead optimiza-
tion technique [54]. After establishing and validating
the values of the thermodynamic interaction param-
eters by comparing the calculated phase diagram with
the existing experimental data, the optimized LJ; M
was used to determine the accurate values of the
mobility parameters. This procedure was repeated
until all the parameters were optimized. Figure 2
shows the schematic diagram of the flow of optimiza-
tion process. Reasons for choosing experimental and
calculated flux to solve the minimization problem are
mentioned in Sect. "Atomic mobility assessment". In
instances involving simple functions wherein the
attainment of the global minimum is feasible without
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Figure 2 Schematic diagram of the flow of optimization to determine the atomic mobility and thermodynamic interaction parameters.

encountering entrapment within local minima, the
selection of initial values becomes inconsequential. For
multi variable functions, it may become necessary to
repetitively experiment with a range of initial param-
eters as shown in Fig. 2 to confirm the achievement of
the global minimum solution. Fixing L{?:Mn ensured
obtaining reasonable values of mobility interaction
parameters that improve the agreement between cal-

culated and experimental concentration profiles.

. . .. . Co Co
Ternary interdiffusivity matrices [Dg)-, D), ,

Df/I” ,andD<? _ ] at the intersection points of the com-
nMn MnCr

position profiles at 900, 1050, and 1150 °C were also
determined using the Whittle-Green method, as given
in the following equations.

1( dx * =
Z(m) [(1—YCr)/7wYCrdx+YCr/ (I_Yo)dx]

x
dC

_ 1Co Co Mn

- DCrCr + DCrMn dCCr 4

(15)
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Zl <djx > [(1 - YM,,)/ Yypdx + YMn/ (1- YMn)dx] interdiffusivities I?CrCr, I.DCrM.n,.D.MnMn, andD}/ - can
! M e x be evaluated. The interdiffusivities must conform to
(16)
-p% 4pe 9o the thermodynamic constraints in Egs. (17-19), as

MnMn MnCr dCM 4
n

proposed by Kirkaldy et al. [55].
By solving Egs. (15-16) for two diffusion couples
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Figure 3 Comparison of experimental (scatter plot) and calculated (solid lines) composition profiles of diffusion couples a Al, b A2, ¢
A3,d A4, e AS, f A6, and g A7 annealed at 900 °C for 240 h.
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C C C C

Dele: Dyt = Dt Py 2 O (18)
C C 2 C C

(DCzCr - DN?nMn) - 4DC(1ZMnD]V?nCr = O’ (19)

Results and discussion

After heat treatments, the composition-penetration
profiles across the joint interface were measured using
EPMA, as shown in Figs. 3, 4, 5. The experimentally
observed concentration profiles of Co, Cr, and Mn
were symmetric, and a Boltzmann fitting function was
used to smoothen the profiles [56], as given by Eq. (20).

(20)

where C(x) is the fitted composition profile as a func-
tion of diffusion distance ‘x". A;, A,, xy, and b, are the
fitting parameters and x, signifies the position of the
Matano plane.

Thermodynamic re-assessment of fcc Cr—Mn

The thermodynamic parameters of pure fcc Co, Cr,
and Mn were obtained from Scientific Group Thermo-
data Europe (SGTE) data for pure elements [57]. The
magnetic parameters of pure fcc Co [58], Cr [59], Mn
[60], binary Co-Cr [19], and Co-Mn [26] were used in
this study to calculate the magnetic contribution.
The thermodynamic parameters for the fcc Cr—-Mn
system were optimized together with the diffu-
sion parameters obtained from the diffusion cou-
ple experiments. The optimized thermodynamic
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Figure 5 Comparison of experimental (scatter plot) and calculated (solid lines) composition profiles of diffusion couples a C1, b C2, ¢

C3,d C4,e C5,£C6,g C7, and h C8 annealed at 1150 °C for 96 h.

parameters are listed in Table 2 and in the supple-
mental thermodynamic database file; for the A3,
A12, A13, bec, hep, h—o, liquid, and o phases of the
binary Cr-Mn alloy were adopted from [12]. Atomic
mobility assessment was performed using the exist-
ing thermodynamic parameters, and calculated con-
centration profiles (dotted line) are compared with

@ Springer

the experimental data in Fig. 7. Calculated profiles
(dotted line) of diffusion couples A3, A4, A5, B3,
C3, C5, and C7 deviate considerably from experi-
mental data. Therefore, it is important to optimize
Cr-Mn thermodynamic parameters along with
atomic mobility parameters in Co-Cr—Mn system
to improve the quality of property database. The



Table 2 Optimized

. . Parameters (All quantities in SI units) Reference

thermodynamic parameters in

fec Co-Cr-Mn system L = —2256.2 — 7.3908T — 3578.5(X., — X,) (23]
L, = 23756 — 2343(X, — X,,) [26]
L, = —12763.8 + 10.6T — 337.6(Xc, — X,,) This work
Té“ = 1396X, — 1109X, — 1620X,,, + XC{,XC,(—9392.5259 +8383.0424 (X, — XCr)) [19, 26]

+X ¢, Xy (—2685 + 3657 (X, — Xy )

B = 1.35X ¢, — 2.46X., — 1.86X,,, — 1.07X, X, [19, 26]

1160
Phase boundary
1140 This study
Experimental
- A [27]/heating bee
I 1120 < [27]/cooling
o [ [28)/fcc
=]
= 28]/fcc + bee
£ 1100 {Y(0 28]
=%
5
=
1080
1060
0

1040

<
0.88 0.90 0.92 0.94 0.96 0.98 1.00
A Mole fraction (Mn)

Figure 6 The phase diagram of binary Cr-Mn system obtained
using optimized thermodynamic parameters.

interdiffusion coefficients in multicomponent sys-
tems depend on the mobility and thermodynamics
(interactions between atoms) of the components,
as can be theoretically observed from Eq. (2). This
dependence of the flux on interdiffusivity, which
further depends on the chemical potentials of the
components, was used to compute L{?:Mn in this
study. A comparison between the experimental
phase equilibria data and the calculated Cr-Mn
binary phase diagrams obtained by previous [12]
and the present assessments using the Thermo-Calc
software is shown in Fig. 6. The fcc single-phase
region observed in this study is wider than that
reported by Lee et. al’s [12] analysis, but is consist-
ent with the previous experimental data. There is
a stable fcc phase extending up to 0.973 mol frac-
tion of Mn, which is between 0.93 [28] and 0.99
[27] mole fraction of Mn, as previously determined

Table 3 Values of optimized mobility parameters in fcc Co—Cr—
Mn ternary system

Mobility parameter Value (J/mol) Reference
Parameter of Co

(sz —302,004-69.02 T [61]

(Pg —235,000-82.00 T [64]

@M —214,997.00-82.0 T [65]

0 pSocr -39,154.49 [34]

0 q,gzMn —24,350.71—-11.84 T [16]

! gCotn +259,007.11 [16]

0 (pg}Mﬂ —30,991.91+30.00 T This work
1 (pg;Mn +74,721.70 This work
Parameter of Cr

(pg —235,000-82.00 T [62]

(ng —253,700-97.17 T [61]

P —214,997.00-82.0 T [65]

0 @S —50,243.34 [34]

0 @S —173,670.93-63.71 T This work
! gpCoMn +149,190.47 This work
0 (ng’l +65,419.99+24.06 T This work
1 (ngn —105,390.7 This work
Parameter of Mn

Pl —212,755.85-98.07T [63]

(Pfj; —285377-73T [61]

(pﬁrn —275,000-73 T [61]

0 @Socr +46,149.25-8.05T This work
1 %c/&o -50,835.19 This work
0 (pAC/;;lM" +170,366.89—-191.2 T [16]

1 pComn +73,511.21 [16]

0 (Pf,,;M” +117,696.07—-15.61 T This work
L gpCrtn +53,167.67 This work

experimentally. Stable bcc + fcc and A13 + fcc phases
were proposed by Lugscheider and Ettmayer et al.
[28], and the bcc + A13 phase, was suggested by
Hellawell and Hume-Rothery et al. [27]. Peritectoid

@ Springer
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Figure 7 Comparison of experimental data (scatter plot) and
calculated composition profiles using optimized thermodynamic
parameters of this study (solid line) and from [12] (dotted line) at
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(b) 1050 °C

02 03 04
mole fraction (Mn)

Cog 01

a 900 °C, b 1050 °C, and ¢ 1150 °C on respective isothermal sec-
tions of ternary Co—Cr—Mn phase diagram.

Table 4 Values of ternary

nterdiffusivitios in fec Co Tempoera- Composition (at%) Interdiffusivity (m?/s)
Cr-Mn system ture (O DgY, D¢y Dy v Dip e,
900 Co-3.4 Cr-6.7 Mn 1.45x107"7 0.95x107"7  6.42x107" 0.61 x107"7
Co-5.7 Cr-6.4 Mn 3.05x1077  —0.56x107"7  7.19%x1077  —0.19 x107"
Co-8.8 Cr-8.7 Mn 1.56 x107"7 1.07x107"7  4.62x107"7 1.96 x107"7
Co-109Cr94Mn  209x107"7  —0.15x10""7 472 x107"7 1.91 x107"
1050 Co-5.0 Cr-5.3 Mn 031x107%  —133x107%  1.63x107"°  —0.03x107"
Co-5.4 Cr-7.2 Mn 1261075 —047x1075  1.72x1079 0.84 x10713
Co-7.6 Cr-5.2 Mn 041x1071%  —247x107"%  4.15%x107"  —0.18x107"
Co9.8Cr24.1Mn 131 x107 0.00x1071* 227 %107 0.82 x10713
1150 Co—4.3 Cr-4.7 Mn 1.71x107%  —1.17x107%  2.80x10™"  —0.15x107"
Co-5.0 Cr-7.5 Mn 3.88 x107"° 0.57x107"%  6.58 x107"° 2.04 %1071
Co-7.0 Cr-5.9 Mn 1.78x107%  —1.30x107"%  4.08x10™"°  —0.80x107"
Co-7.8 Cr-9.2 Mn 3.49 x107"° 136 x107"°  7.22x107" 1.93 x107"
Co-14.7Cr-52Mn 328107 0.77x107%  6.17x107" 1.88 10713

@ Springer



J Mater Sci

(a) 900 °C

0.3

x 107 m¥s
[2.09,-0.15,4.72, 1.91]
[1.56,1.07, 4.62, 1.96]
[3.05,-0.56, 7.19, -0.19]
[1.45,0.95,6.42,0.61]

Coj 0.1 02 03
mole fraction (Mn)
o]

(b) 1050 °C 04
X 10715 m¥/s
[0.41,-2.47,4.15,-0.18]
[1.26,-0.47, 1.72, 0.84]
[1.31,0.00, 2.27, 0.82]

»[0.31,-1.33, 1.63,-0.03]
of N
Cog i 0.2 03 04
mole fraction (Mn)
o
(¢) 1150 °C 03
~
<
SO
lé"? x 107 m%s
& » [3.28,0.77, 6.17, 1.88]
S \
[1.78, ~1.30, 4.08, —0.80]

/@ N\, [3.49, 1.36, 7.22, 1.93]
\

> [3.88,0.57, 6.58, 2.04]

-
. T~ \> [1.71,-1.17,2.80,-0.15]
Co0 0.1 0.2 0.3

mole fraction ('Mn)

. : PSS Co Co Co Co
Figure 8 Ternary interdiffusivities [D cocrs Do Pty 304D

obtained using the Whittle-Green method at the intersection points
of the composition profiles and at a 900 °C, b 1050 °C, and ¢ 1150
°C are marked on the respective isothermal sections of Co—Cr—Mn
system.

(bcc + fcc —> A13) and eutectoid reactions (bcc —>
o + A13) occur around 97 and 89 at% Mn. The only
available experimental data of the bcc/fcc and fec/
A13 phase transformations in Cr-Mn system are
from 1950 to 1970s. The experimental data from [27]
is approximate only, and the data from [28] is diffi-

cult to reproduce by reasonable values of L éan [12].

Given the constraints imposed by the limited reli-
ability and reproducibility of the available experi-
mental data, the resultant calculated phase diagram
is deemed to be acceptable. Thus, the approach of
utilizing diffusion data to determine the thermo-
dynamic interaction parameters can be effectively
employed to narrow equilibrium regions where
optimization through experimental data is difficult.

Atomic mobility parameters

The self-atomic mobility parameters of Co, Cr, and
Mn were adopted from Khorasgani [61], Engstrom
[62], and Liu et al. [63], respectively. The impurity
mobility parameters of Co in fcc Cr [64], Co in fcc Mn
[65], Crin fcc Co [61], Cr in fcc Mn [65], Mn in fcc Co
[61], and Mn in fcc Cr [61] were considered for opti-
mization. The optimized mobility parameters listed
in Table 3 and in supplemental mobility database
file were determined by minimizing diff and using
the optimized Lngn. The atomic mobility interaction
parameters of the fcc Cr-Mn (&M, C™Mn) binary

Cr 7/ P

system and the ternary Co—-Cr-Mn ((pg;M”, (png",

and (pﬁfncr) were determined (Table 3). The optimized
mobility parameters were validated by comparing
the experimental and calculated composition profiles
(black solid lines) at 900, 1050, and 1150 °C as shown
in Figs. 3, 4, 5.

Figure 7 compares the calculated diffusion path-
ways with the experimental data on the isothermal
cross-sections of the Co—Cr-Mn phase diagram [14].
The excellent agreement between the calculated and
experimental profiles proves the reliability of the
optimized mobility parameters determined in this
study. Ternary interdiffusivities were obtained using
the Whittle-Green method at the intersection points
of the composition profiles, as shown in Table 4 and
Fig. 8. The four values at each point in Fig. 8 indicate
[ Dggo’ DggMn’ D](\:/ann, anle(\:/fnCr ], respectively. All
interdiffusivities satisfied the three thermodynamic
constraints proposed by Kirkaldy et al. [55], and
shown in Egs. 17-19. The values of the main interdif-
fusivities, Dg‘;Cr and D&’nM” are all positive, and those
of Dg/ann were higher than those of DggCr indicating
that the diffusivity of Mn was higher than that of
Cr in the fcc ternary Co-Cr-Mn system. The cross
interdiffusivities, DggMn and Dg/fn o, are both negative
and positive, signifying negative and positive gradi-
ents of the diffusion potential, respectively [66]. The

negative values of the cross interdiffusivities Dg‘r’Mn,

@ Springer



Figure 9 Surface profiles (a) 900 °C (b)
of calculated composition X107

dependent a Dg’Cr, b Dg’Mn,
c¢DS andd DS . at 900
°C. Calculated ternary inter-
diffusivity values are listed in

a supplemental data file.

Figure 10 Surface profiles
of calculated composition

C C
dependent a Dge,s b Do
c DCo

and d D€ . at 1050

MnMn® MnCr
°C. Calculated ternary inter-

(a) so°c (b) 1050 °C

diffusivity values are listed in
a supplemental data file.

@
0.5

1050 °C

0.0
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Figure 11 Surface profiles ()
of calculated composition
dependent a Dg;’Cr, b Dg;’Mn,
c¢DS andd DS . at 1150
°C. Calculated ternary inter-
diffusivity values are listed in

a supplemental data file.

1150 °C

05 &

1150 °C

(b) 1150 °C

1.0

0.8

06 (@
1150 °C

and DI%U”O suggest that Mn and Cr hinder the dif-
fusion of Cr and Mn, respectively. Figures 9, 10, 11
show the three-dimensional surfaces of calculated
D&, DS DS andDS? . at 900, 1050, and 1150
°C respectively to observe how interdiffusivities
evolve with concentration. The comparison of exper-
imental data with the calculated interdiffusivities in
discussed in a supplemental file. All the values of
calculated ternary interdiffusivities at 900, 1050, and
1150 °C are satisfying the thermodynamic conditions
proposed by Kirkaldy et al. [55], and are listed in
a supplemental datafile. Negative values are high-
lighted in blue and positive values are highlighted
in red. All the calculated interdiffusivities increased
with temperature. Both the calculated main inter-
diffusivities, Dg(r’Cr and Dg/?nMn increased with the Cr
concentration, as shown in Figs. 9, 10, 11. The surface
plots of the mobilities of Co, Cr, and Mn in the com-
position range of interest in this study are shown in
Fig. 12. At low Cr content, Dgann and the mobility
of Mn are observed to increase and then decrease
with an increase in Mn concentration, indicating that
interdiffusivities and mobilities cannot be estimated
by simple extrapolation. Equation 2 demonstrates

the dependency of interdiffusivities on mobilities
and chemical potentials gradients of Co, Cr, and
Mn. M; further depends on ¢@; which comprises the
effect of mobility interaction parameters as shown in
Egs. 3 and 4. To understand the effect of thermody-
namic quantities on interdiffusivities, surface plots
of chemical potentials of Co, Cr, and Mn at 900, 1050,
and 1150 °C are shown in Fig. 13. Chemical poten-
tial can be easily calculated from the thermodynamic
data of the system [43]. Figure 14 shows the distribu-
tion of @, @c,, and @y, at 900, 1050, and 1150 °C to
assess the dependency of diffusivities and mobilities
on mobility interactions between atoms. The Figs. 9,
10, 11 reveal a noteworthy trend: at lower Mn con-
tent, Dg:Cr exhibits relatively minimal variation as
Cr content increases. However, in contrast, when the
Mn content is high, Dg?o undergoes a substantial
increase with increase in Cr content. In regions with
low Mn content or, high Co content, DggCr is influ-
enced by ¢, and pc,. As shown in Figs. 13 and 14,
both ¢, and ¢, maintain constancy even as the Cr
content increases. Hence, at low Mn content, Dg‘r’Cr
is governed by both mobility and thermodynamic
interactions. In the high Mn content region, the

@ Springer



] Mater Sci

900 °C x102°

05 1 15 2 25 3 35

(a) 900 °C (b) 900 °C

wion_ (©900°C

1050 °C x107"°
1 2 3 4 5

(d) 1050 °C ! (e) 1050 °C (f) 1050 °C

H
0.5 1 15 2 25
(g) 1150 °C (h) 1150 °C (i) 1150 °C

Figure 12 Surface profiles of mobilities of Co (M), Cr (M), and Mn (M,,,) varying with composition at a, b, ¢ 900 °C, d, e, f 1050
°C, and (g, h, 1) 1150 °C.
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Figure 13 Surface profiles of chemical potentials of Co (4,), Cr (4,), and Mn (y,,,) varying with composition at a, b, ¢ 900 °C, d, e, f

1050 °C, and (g, h, 1) 1150 °C.

. C . .
l':)ehz'iwor of D Ci_Cr is dependent on ¢,,,. As illustrated
in Fig. 14, @), increases as Cr content rises. Hence,
in high Mn region, DggCr increases with increase in
Cr content, and is dependent on mobility interaction

parameters. From Figs. 9, 10, 11, DIC\}’”MH increases
and then decreases with Mn content similarly as
@c, in Fig. 14. Hence, Df/l”nMn depends strongly on
mobility interactions between Co and Mn. Mg, in

@ Springer
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Figure 14 Surface profiles of ¢, ¢,, and @,,, varying with composition at a, b, ¢ 900 °C, d, e, f 1050 °C, and g, h, i 1150 °C.

Fig. 12 is inhomogeneous across the whole compo-
sition range, and depends on only mobility interac-
tions of Co (¢c,) with other elements as shown in
Figs. 14a, d and g. At low Mn or otherwise high Co

@ Springer

content, M, follows similar path as yc,, and shown
in Figs. 12 and 14. At high Mncontent, M, increases
as ¢, increases, and shown in Figs. 12 and 14. Hence,
M, depends both on mobility and thermodynamic
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Figure 15 Comparison of experimental ternary interdiffusivi-

: Co Co Co Co : : :
ties [Dg e, Dty Do 0D, - ] obtained using the Whittle—

Green method at 900 °C, 1050 °C, and 1150 °C with calculated
interdiffusivities.

interactions. The value range of ¢y, is relatively
narrow when compared to those of ¢, and ¢c,. It
indicates that the diffusion mobility of Mn is more
homogeneous indicating less dependency on the
thermodynamic interactions, and the homogeneity
increases with temperature.

Therefore, the diffusion kinetics in multicom-
ponent alloys cannot be completely explained by
the high configurational entropy effect, and ther-
modynamic interactions between the components
of the system must also be considered. The inter-
diffusivities obtained from the experimental data
and the Whittle-Green method were compared with
those calculated using Eq. (2), as shown in Fig. 15.
The deviation of experimental DgﬁCr values from
the calculated data can be observed from Fig. 15.
Considering the inherent scattering of composition
profiles measured by EPMA, Eq. (20) was used to
fit the experimental composition profiles in this
study. The slope of the composition profile at the
intersection point of two diffusion couples on the
ternary isothermal section is critical for calculat-
ing the interdiffusivities accurately. Therefore, the
reliability of experimental interdiffusivities of this
study is restricted. As a result of this consideration,
experimental interdiffusivities were not used in the

optimization process. Instead flux that can be calcu-
lated at each position across the diffusion distance
of the diffusion couple was considered.

Conclusions

A thermodynamic assessment of fcc Cr-Mn was suc-
cessfully performed using the diffusion data of the
Co-Cr-Mn system. The calculated phase diagram
with the assessed parameters agreed with the previous
experimental data. The atomic mobility parameters
were determined using the assessed thermodynamic
parameters and diffusion data for the Co—Cr—Mn sys-
tem. The composition-dependent ternary interdiffu-
sivities were obtained using experimental data and
the Whittle-Green method. The diffusivity of Mn was
higher than that of Cr in the fcc ternary Co—Cr-Mn
system. The composition profiles of Co-Cr-Mn were
calculated using Fick’s second law, and the ternary
interdiffusivities were calculated using the mobilities.
The calculated composition profiles are in excellent
agreement with those obtained experimentally, thus
validating the thermodynamic and kinetic assessments
conducted in this study.
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