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Introduction

The Co-Al-Fe system is a critical subsystem of high-
temperature Co-based alloys and promising high-
entropy alloys (HEAs) for extensive applications.

Handling Editor: P. Nash.

ABSTRACT

The Co-Al-Fe system has attracted extensive interests as a core system in Co-based
alloys and high-entropy alloys. In the present work, a thermodynamic assessment
of the Co-Al-Fe system and atomic mobility of its face-centered cubic (fcc) phase
were performed with the CALPHAD method. To supplement the phase boundary
of the B2 phase at the Al-rich side and clarify the miscibility gap of the B2 phase in
the Co-Al-Fe system, the Al-rich phase boundary of the ordered body-centered
cubic (bcc) phase (B2) at 1273 and 1343 K, as well as the phase equilibria at the Co-
Fe-rich side at 1073 K, was determined using electron probe microanalysis (EPMA)
and X-ray diffraction (XRD) analysis. Combined with the experimental data from
the literature, the thermodynamic description of the Co-Al-Fe system was estab-
lished. The model parameters can reproduce the most reliable phase diagram data.
In addition to the thermodynamic study, the interdiffusion coefficients in the face-
centered cubic (fcc) phase of the Co-Al-Fe system were experimentally deduced
from the composition profiles of 20 diffusion couples at 1323, 1423, and 1523 K.
Based on the thermodynamic description and experimental diffusivities, the atomic
mobilities of Co, Al, and Fe in fcc Co-Al-Fe alloys were assessed. A comprehensive
comparison between the calculated results and experimental data indicates excel-
lent agreement between the diffusion paths and composition profiles.

HEAs comprise simple phase constitutions, such as
disordered face-centered cubic (fcc) phase, disor-
dered body-centered cubic (bcc) phase (i.e., A2), and
ordered bcc phase (i.e., B2) and exhibit excellent
mechanical properties [1-5]. Screening alloy compo-
sitions and designing industrial processes, such as
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homogenization and heat treatments, have been
effectively accelerated by computational techniques
based on thermodynamic and kinetic databases of
alloys. Therefore, the establishment of a thermody-
namic database of the Co-Al-Fe system and mobility
database for major constituting phases (e.g., fcc) is
essential.

The main objectives of this study are as follows:
(i) determine the phase boundary of the B2 phase at
the Al-rich side at 1273 and 1343 K and the phase
equilibria at the Co-Fe side at 1073 K; (ii) obtain a
comprehensive assessment of the thermodynamic
properties of the Co-Al-Fe system; (iii) measure the
interdiffusion coefficients in the fcc phase at 1323,
1423, and 1523 K, and (iv) establish the atomic
mobilities of Co, Al, and Fe in fcc Co-Al-Fe alloys.

Literature review
Thermodynamics and phase diagram
Binary systems

Thermodynamic evaluation of the Co-Al binary sys-
tem has been performed many times [6-13]. The first
complete assessment of the binary system was made
by Dupin and Ansara [6]. Stein et al. [8] measured the
homogeneity range of the B2 phase and re-assessed
the binary system. The thermodynamic description
can reproduce the available experimental data well.
However, there is an inverse miscibility gap of the
liquid phase at high temperature. Later, Liu et al. [9]

modified the model parameters of the B2 phase based
on the thermodynamic description by Dupin and
Ansara [6]. However, the experimental data, such as
liquidus [8], were not considered. Based on a thor-
ough review of the Co-Al, Wang et al. [10] presented
a new description of the Co-Al system, particularly
for the complex Al;3Cos phases; nevertheless, the
calculated melting point of the B2 phase was slightly
higher than the experimental data [8]. More recently,
Wang et al. [11], Ostrowska and Cacciamani [12], and
Noori and Hallstedt [13] made some modifications of
the model parameters based on the previous ther-
modynamic descriptions, respectively. In fact, Wang
[14], in our research group, modified the thermody-
namic parameters of the liquid, fcc, A2 and B2 phases
to reproduce the liquidus around the B2 phase based
on the description from Stein et al. [8]. The thermo-
dynamic description was successfully applied to a
quinary Ni-Co-Al-Mo-W system. However, the sub-
lattice model for the Al;3Co, phase is not consistent
with that for the Al;zFes phase. To maintain the
consistency of thermodynamic models in the Co-Al-
Fe system, the modification of the Co-Al system was
performed in the present study.

Most recently, the Co-Fe system was comprehen-
sively assessed by the present authors [15]. The
experimental data were well reproduced by the
thermodynamic description, which was adopted in
the present work. The calculated Co-Fe phase dia-
gram is shown in Fig. 1a.

The most widely accepted assessment of the Al-Fe
system was established by Sundman et al. [16]. Zheng
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Figure 1 Assessed binary phase diagrams: a Co-Fe [15], and b Al-Fe [17].
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et al. [17] re-assessed the system to reproduce the
experimental integral enthalpy of mixing of the lig-
uid phase. Thus, the thermodynamic description by
Zheng et al. [17] was adopted in this study. The cal-
culated Al-Fe phase diagram is shown in Fig. 1b.

Co-Al-Fe ternary system

Recently, the phase equilibria at the Co-Fe-rich side
of the ternary Co-Al-Fe system at 1173, 1273, 1373,
and 1473 K were carefully studied in our previous
work [18], in which most experimental data in the
literature were reviewed and discussed. Thus, only
the unmentioned key experimental data are reviewed
here in detail. Raynor and Waldron [19] investigated
the vertical sections across the Al-rich corner (> 97.5
wt.% Al) including liquidus through thermal analy-
sis; however, these data were not used in the present
assessment due to uncertain accuracy. Ackermann
[20] measured the phase equilibria on the Co-Fe rich
side at temperatures between 1073 and 1473 K using
diffusion couples. The miscibility gap of the bcc
phase was also studied at 923 K. Most recently, Zhu
et al. [21] constructed three complete isothermal
sections at 1073, 1173, and 1273 K based on the
results obtained from three identical Co/Fe/AlsFe,
diffusion triples and ternary alloys using scanning
electron microscopy (SEM), electron probe micro-
analysis (EPMA), and X-ray diffraction (XRD). The
experimental results for the Co-Fe-rich side at 1173
and 1273 K are consistent with the results of the
present authors [18]. Earlier, Grushko et al. [22]
determined a partial isothermal section with more
than 55 at.% Al at 1073 and 1343 K by means of SEM,
energy dispersion spectroscopy (EDS) and powder
XRD, focusing on the structure of Al-rich compounds
and their equilibria with B2 phase.

Ostrowska and Cacciamani [12] performed a ther-
modynamic assessment of the Co-Al-Fe system.
However, their work had limitations. First, the phase
boundary of Al-rich compounds was established
with a large error owing to insufficient experimental
data. More importantly, the phase relationship at the
Co-Fe side at 1173 and 1273 K does not agree with the
experimental results of Wang et al. [18] and Zhu et al.
[21]. Furthermore, the L2; phase structure for the
first-principles calculations was confused with the B2
phase. In addition, according to the prediction
obtained by Ostrowska and Cacciamani [12], there
exists a miscibility gap of the B2 phase and a two-
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phase region (A2 + B2) at the Co-Fe side at 1073 K,
which was not confirmed by the experimental
isothermal section determined by Zhu et al. [21].
However, in the work of Zhu et al. [21], the interface
Co/AlsFe; of the diffusion triple was badly bonded.
Therefore, more experimental work at 1073 K is
required to clarify the miscibility gap of the B2 phase.
Recently, Noori and Hallstedt [23] re-assessed the
Co-Al-Fe system, focusing on the magnetic transition
of the B2 phase. However, the thermodynamic cal-
culations indicate that the miscibility gap of the B2
phase is stable at 1073 and 1173 K, which may be
attributed to the fitting with the experimental data at
923 K.

Diffusion data

Wang [14] in our research group optimized the
atomic mobilities for the fcc phase in the Co-Al sys-
tem based on the updated thermodynamic descrip-
tion. The diffusion behavior was well described using
mobility parameters [14]. The atomic mobilities in fcc
Co-Fe alloys were assessed by the present authors
[15] and were used in this work. As the composition
range of the fcc phase in the Al-Fe system is very
narrow, no binary interaction parameter is required.
The parameters for impurity diffusion for Al in fcc-Fe
and Fe in fcc-Al were adopted from the works of Du
et al. [24] and Liu et al. [25], respectively, in view of
their good consistency with experimental data. For
the ternary Co-Al-Fe system, no interdiffusion coef-
ficients and mobility assessment for the fcc phase
have been reported to date.

Thermodynamic and atomic mobility
models

Thermodynamic models
Substitutional solution phases

Except for the hexagonal close-packed (hcp) phase at
low temperatures, three solution phases, liquid, fcc,
and bcc, were considered in the present assessment.
The total molar Gibbs energy of the solution phase
can be described by the following equation:

@ Springer
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G;Z = xAl"GK, + XCOOG&) + XFeoGge
+ RT(.’)CAI Inxp; + Xco In Xco + Xpe In xFe) + exG;/;
e

(1)

where R and T are the gas constant and absolute
temperature, respectively. xaj, Xco, and xg. are the
mole fractions of Al, Co, and Fe, respectively. The
term “*Gj;, is the excess Gibbs energy and is described
by the Redlich-Kister polynomials [26]. The magnetic
contribution ?G,,"® to the total Gibbs energy of the fcc
and becc phases is included. The model of magnetic
contribution was proposed by Inden [27] and later
simplified by Hillert and Jarl [28].

Ordered B2 phase

The ordered bcc phase (B2) was considered in the
present assessment. Considering the consistency of
the thermodynamic model of the B2 phase, the model
used by Zheng et al. [17] was modified by introduc-
ing a vacancy into the sublattice, that is,
(Al,Co,Fe,Va)y5(Al,Co,Fe,Va)gs. The addition of the
interaction parameter between the vacancy and metal
atom has almost no influence on the Gibbs energy of
the disordered bcc and ordered B2 phase in the Al-Fe
system. Ansara et al. [29] proposed a partitioning
model to consider the A2/B2 order-disorder transi-
tion. The model can describe both disordered bcc and
ordered B2 phase with a single Gibbs energy function
that is composed of the disordered state and the
ordering contribution part. This relationship can be
described as follows:

Gyt = Gl (x) + AGY! (1)

= Gy (xi) + G (i) — G’ (v = ) (2)
where y; is the fraction of component i in the sub-
lattice s. The first term G%(x;) is the Gibbs energy of

Table 1 Intermetallic
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the disordered bcc phase. The second term AGY? is
the long-range ordering contribution to Gibbs energy.
The site fractions of i in the two sublattices are equal
if phase B2 becomes completely disordered, that is,
Y, =y, = x;; for ordered B2, y; # y/..

Intermetallic compounds

According to experimental information [21, 22, 30],
no new ternary phase forms in the Co-Al-Fe system.
The binary intermetallic compounds are listed in
Table 1. To consider the solubility of Fe or Co in the
binary intermetallic compounds, Fe or Co atoms were
introduced into the Co or Fe sites because of their
chemical similarity. For example, the Gibbs energy of
Alj3(Co,Fe)y, modeled as (Algg275(Co,Fe)g 235(-
Al,Va)y 1375, is expressed as follows:

=YcoYar’ Gatco.al + Y&oYva Gatcova
+ YreYar Gatre.al + YEYv, Gatreva
+ 0.235RT (y2, Iny 2, + Y Iny,) 3)
+0.1375RT (y/4 Iny/ 41y, Inyy,)

om0
+ YcoYreY al LAI:CO,Fe:Al

Gﬁlm (CO,F€)4

"

where y; and y!” are the site fractions of component i
on the second and third sublattice, respectively. In
the present work, the parameters °Gaicoar and
°Gal.co:va Were optimized based on the experimental
data in the binary Co-Al system in order to maintain
the consistency of thermodynamic models in the
ternary system. The term OLA];CO,pe;Al is the ternary

interaction parameter to be optimized.

Atomic mobility model

The concept of atomic mobility to model diffusivities
for multicomponent systems was proposed by
Andersson and Agren [31]. For the fcc phase, the
effect of magnetism is not considered, and the atomic

Pearson symbol Thermodynamic model

compounds at the Al-rich Phase Prototype
corner in the Co-Al-Fe system AloCos B
A113(C0,FC)4 —
Al;Co -
A15C02 A15C02
AlFe AlFe
A15F62 -
AlgFes CusZng

mP22 (Al)g(Co,Fe),

mC102 (Al)g.6275(Co,Fe)g.235(AL,Va)o.1375
- (Al)s(Co,Fe),

hP28 (Al)s(Co,Fe),

aP18 (Al)(Co,Fe),

0C24 (ADs(Co,Fe),

cl52 (ALCo,Fe)g(Al,Co,Fe)s
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mobility M; of the diffusing component i can be
divided into an activation energy Q; and a frequency
factor M? and is expressed as follows:

o MOexn (22 L (2 L
Mi=M; eXp<RT)RT_eXp(RT) RT “)

where R and T are the gas constant and absolute
temperature, respectively. Both M; and Q; are con-
sidered to depend on composition and temperature.
In the DICTRA notation, —Q; and RTInM? can be
grouped into a single parameter, ®;, and expressed
by the Redlich—Kister polynomial [26]:

0; = prq)f + Z Z XpXg qu’f’q (xp — xq)rl (5)
p p

q>p r=0

where x, and x, are the mole fractions of components
p and g, respectively. @ represents the value ®; for
component i diffusing in the pure component p, and
@7 represents the interaction parameter.

Experiments
Phase equilibrium experiments

To determine the phase equilibria of the Co-Al-Fe
system, 12 Al-rich alloys and 18 Co-Fe rich allolys
were designed and prepared from high-purity Al
(99.99 wt.%), Co (99.98 wt.%), and Fe (99.99 wt.%)

Table 2 Diffusion couples
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plates by arc melting in a high-purity Ar atmosphere.
The ingots were melted six times to achieve homo-
geneity. In sequence, the ingots were sealed in quartz
tubes with purified Ar atmosphere for the subse-
quent annealing treatment at 1273 K/100 h for the
Al-rich alloys and 1473 K/72 h for the Co-Fe-rich
alloys. Subsequently, the Al-rich alloys (labeled
QA1 — 12) were annealed at 1273 K for 392 h and at
1343 K for 336 h, whereas the Co-Fe-rich alloys (la-
beled QB1 — 18) were annealed at 1073 K for 1344 h.
After grinding and polishing using standard metal-
lographic techniques, the chemical compositions of
the individual phases were determined using EPMA.
The phase compositions were identified by XRD
using a D/MAX2500V + /PC instrument (40 kV,
250 mA), with a Cu radiation source. Further exper-
imental details are indicated in a previous study [18].

Interdiffusion coefficient measurements

Nineteen diffusion couples were designed to mea-
sure the interdiffusion coefficient and annealed at
1323, 1423, and 1523 K, as listed in Table 2. The alloys
were prepared in the same manner as in the phase
equilibrium experiments. The ingots were then cut
into blocks with dimensions of 6mm x 6mm x 6mm
using wire-electrode cutting. Each block was ground
and polished to obtain a mirror-like surface. Then,
the two corresponding blocks were bound together
using a specially fabricated Mo clamp to assemble the

and experimental conditions Diffusion couple Nominal composition (at.%) T (K) Time (h)
ié;?:::ﬁiﬁssm coefficient FAl Co/Co-6A1-20Fe 1323 120

FA2 Co/Co-8Al-8Fe

FA3 Co-5Fe/Co-5A1

FA4 Co-10Fe/Co-9Al

FAS Co-15Fe/Co-8Al-8Fe

FA6 Co0-20Fe/Co-6Al1-20Fe

FA7 Co-25Fe/Co-8Al-8Fe

FBI1 Co/Co-6Al-20Fe 1423 48

FB2 Co/Co-8Al-8Fe

FB3 Co-10Fe/Co-9Al

FB4 Co-15Fe/Co-8Al-8Fe

FB5 Co-25Fe/Co-8Al-8Fe

FC1 Co/Co-6Al-20Fe 1523 24

FC2 Co/Co-8Al-8Fe

FC3 Co-5Fe/Co-5Al

FC4 Co-10Fe/Co-9Al

FC5 Co-15Fe/Co-8Al-8Fe

FC6 Co0-20Fe/Co-6Al1-20Fe

FC7 Co-25Fe/Co-8Al-8Fe
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desired diffusion couples. The assembled diffusion
couples for interdiffusion coefficient measurements
were encapsulated in quartz tubes. After the
annealing treatment, the couples were quenched in
water and cut parallel to the diffusion direction. After
grinding and polishing, the composition-distance
profiles of the diffusion couples were measured using
EPMA. The interdiffusion coefficients in the fcc phase
of the ternary system were determined using the
Whittle-Green method [32].

Experimental results
Phase equilibria in the Co-Al-Fe system

To determine the phase boundary of the B2 phase at
the Al-rich side, the phase equilibria between the B2
phase and Al-rich intermetallic compounds were
examined by annealing the alloys at 1273 and 1343 K.

J Mater Sci (2022) 57:7343-7366

Typical backscatter secondary electron (BSE) micro-
graphs and XRD patterns of the alloys are shown in
Figs. 2 and 3, respectively. The chemical composi-
tions of the individual phases were measured using
EPMA, as listed in Table 3. According to the XRD and
EPMA results, the dark, gray and bright regions
correspond to the AlsCo,, AlLFe, and B2 phases,
respectively. No ternary compounds were observed
in this study. The AlsCo, phase dissolved up to 21.50
at.% Fe, whereas the Al,Fe phase dissolved small
amounts of Co. The Al content in the B2 phase
remained almost unchanged.

To clarify the calculated miscibility gap of the B2
phase by Ostrowska and Cacciamani [12] and Noori
and Hallstedt [23], Co-Fe rich alloys were annealed at
1073 K for 1032 h to establish the phase equilibria
relationship. The chemical compositions of the indi-
vidual phases are summarized in Table 4. Typical
BSE micrograph of the two-phase fcc 4+ B2
microstructure is shown in Fig. 4. According to the

(b !

Figure 2 BSE images of the alloys at the Al-rich corner: a QA2 at 1273 K, b QA3 at 1273 K, and ¢ QA1 at 1343 K.

@ Springer



J Mater Sci (2022) 57:7343-7366 |

QA5-1273 K
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(QA3-1273 K
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Relative intensity

QA8-1343 K

20 25 30 35 40 45 50 55
26 (9)

Figure 3 XRD results of alloys QAS and QA3 at 1273 K and

QAS at 1343 K.

binary phase diagram and experimental phase equi-
libria reported by Edwards [33] and Zhu et al. [21],
the dark area corresponds to the fcc phase, whereas
the bright area corresponds to the B2 phase. The two-
phase boundary showed good agreement with pre-
vious experimental data [21, 33]. Additionally, the
second fcc phase (fcc’) found by Edwards [33] was
not detected in the present work, which agrees with
the experimental observation in the work of Zhu et al.
[21].

Determination of interdiffusion coefficients

The experimental composition profiles of the diffu-
sion couples were smoothed and analyzed using the
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interdiffusion coefficients. The interdiffusion coeffi-
cients and compositions at the intersecting points of
the diffusion paths of Co-Al-Fe diffusion couples
determined in the present study are listed in Table 5.
All interdiffusion coefficients fulfilled the thermody-
namic constraints for ternary diffusion coefficients

[34]. The main interdiffusion coefficients, DZ?AZ and

~Co .. ~Co
Dg,p,, were always positive. D,;,; was larger than

~Co . . . . . ~Co
Dr,p.- The cross interdiffusion coefficients, D 4, and

lef 4, Were either positive or negative and smaller
than the main interdiffusion coefficients by one order
of magnitude. Additionally, the cross interdiffusion
coefficient data were more scattered than the main
interdiffusion coefficients. A lower weight was
assigned during mobility optimization.

Thermodynamic and mobility assessment
Thermodynamic assessment

Before the assessment of the ternary Co-Al-Fe sys-
tem, the thermodynamic description of the binary
Co-Al system was modified based on the assessment
by Wang [14] due to the inconsistent models for the
Al;3Cos and AlyzFes phases. The thermodynamic
model for the Al;3Cos phase changed from (Al)5(-
Co)4 to (Al)g.g275(Co,Fe)g 235(Al,Va)g 1375. The two end-
member parameters were adjusted to fit the experi-
mental phase diagram. Moreover, the thermody-
namic parameters for the Al;Co phase had to be
slightly modified to reproduce the reaction of

Whittle-Green method [32] to deduce the
Table 3 Experimental
chemical compositions of T (X)) Alloy Phase 1 (at.%) Phase 2 (at.%) Phase 3 (at.%)
individual phases at the Al- Co Al Fe Co Al Fe Co Al Fe
rich corner
1273 QAl 3.35 50.77  45.88 143  63.56 35.01 / / /
QA2 6.50 50.82 4268 2.82 63.89 3329 / / /
QA3 15.64 51.10 3326 6.81 6502 2816 9.56 68.95  21.50
QA4 2577 5098 2326 / / / 1398  69.38  16.65
QA5 3676 5041 12.83 / / / 1923 69.76 11.01
QA6 4599  50.17 3.84 / / / 2543  70.06 4.51
1343 QA7 3.74 5097 4529 1.82  63.84 3434 / / /
QA8 6.81 51.15 42,03 323 6436 3242 / / /
QA9 1527  52.14 3259 / / / / / /
QA10 2443 5257 23.00 / / / 1417 6944 1639
QAIl 33.72 5244 13.84  / / / 18.84  70.00 11.16
QA12 4503 51.21 376/ / / / / /

@ Springer
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Table 4 Experimental chemical compositions of individual
phases at 1073 K at the Co-Fe side

Alloy Phase 1 (at.%) Phase 2 (at.%)

Co Al Fe Co Al Fe

QB1 77.97 4.58 17.45  60.61 17.11 22.28
QB2 76.94 6.33 16.73  60.47 18.87  20.66
QB3 84.57 5.15 1028 5953  29.24 11.23
QB4 62.31 12.51 25.19  76.02 495 19.04
QB5 79.84 4.95 1522 59.13  25.04 15.83
QB6 66.45 333 30.22
QB7 50.71 19.21 30.09
QB8 56.07  29.01 14.92
QB9 51.88  25.68 2245
QB10  64.55 517  30.28
QB11 5243 2516 2240
QB12 4630 18.84  34.86
QB13  50.58 491 44.51
QB14  52.12 3491 12.98
QBI15 5.30 1494  79.76
QB16 10.83 18.63  70.54
QB17 17.28 12.22 70.50
QB18  54.89 528  39.83

S~ — T~ —
S—— T~ T T Y S
S~ T

liquid + Al;Co < Al3Co4.  Additionally, it was
found that the B2 phase assessed by Wang [14] led to
a high stability for the B2 phase in the Co-Al-Fe
system. Therefore, the model parameters for the B2
phase were slightly modified. The thermodynamic
parameters of the Co-Al system modified in the
present work are listed in Table 6. The calculated Co-
Al phase diagram is shown in Fig. 5, together with
the experimental data [8, 35-45].

. J Mater Sci (2022) 57:7343-7366

Combined with the binary Co-Fe [15] and Al-Fe
[17], the thermodynamic parameters of the Co-Al-Fe
ternary system were optimized using the PARROT
module in the Thermo-Calc software [46] and are
listed in Table 6.

According to the thermodynamic calculations by
Ostrowska and Cacciamani [12] and Noori and
Hallstedt [23], an attempt to fit the miscibility gap of
the B2 phase at 923 K leads to the stable existence of
the miscibility gap at 1073 K or even higher temper-
atures. However, the recent experimental works of
Zhu et al. [21] and Wang et al. [18], as well and the
present work, did not find a miscibility gap. Thus, the
miscibility gap of the B2 phase at 923 K was not
considered unless new experimental data were
available. The calculated isothermal sections for the
Co-Al-Fe system were compared with the experi-
mental data over the temperature range of
1073-1473 K, as shown in Fig. 6. As shown in Fig. 6a,
the experimental phase boundaries at the Co-rich
corner [21, 22, 33] were well fitted, except for a small
discrepancy in the fcc phase boundary, which was
inherited from the Co-Al binary description. A nar-
row A2 + B2 two-phase region formed at the Co-rich
corner and changed to a second-order phase transi-
tion with increasing Fe content. Note that, there was
no miscibility gap in the B2 phase formed in the
present calculation, which is in good agreement with
the experimental data.

Good agreement with experimental data
[18, 21, 22, 47, 48] was also observed in the phase
equilibria at the Co-Fe side in the range of
1173-1473 K, as shown in Figs. 6b—f. In this temper-
ature range, only a second-order transition was

(b) 80 AAAAAAAAAAAAAZ
704
- A A
60 rAAAA AAAAAAAAA
- 50_: A Co
§ ] = Al
g 404 ® Fe
a |
= 30—-
= S0 deeees 0000000000
]"".oooooooooooooo.l""""
10
g ENEEEENEEEEEEN
0 g T g T T T T T T
0 5 10 15 20 25

Distance (um)

Figure 4 a BSE image and b composition profile at the phase boundary of alloy QB3 annealed at 1073 K.
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Table 5 Experimental

interdiffusion coefficients for T (K) Diffusion couple = Composition (at.%) Interdiffusion coefficients (10~'> m?%/s)
the fcc Co-rich alloys Al Fe DZ(ZAI DZ‘]’FB D~1f:Fe ~§:Al
1323 FA1l — FA3 1.95 343 1.61 - 0.04 0.71 -0.19
FA1 — FA4 2.92 7.40 2.11 —-0.02 0.92 —-0.49
FA1 — FAS 3.61 11.63 291 0.15 1.00 0.14
FA1 — FA7 4.05 15.71 2.96 0.14 1.21 0.01
FA2 — FA3 3.02 1.77 1.99 -0.27 0.87 —-0.05
FA2 — FA4 4.73 4.65 2.68 0.17 1.03 -0.24
FA6 — FA7 2.70 19.86 3.08 0.16 1.35 0.05
1423 FB1 — FB3 2.37 8.88 11.31 0.46 3.96 - 121
FB1 — FB4 2.80 12.12 11.68 0.64 4.61 -2.77
FB1 — FB5 3.57 16.68 15.32 0.43 5.92 - 1.67
FB2 — FB3 4.55 5.18 17.41 1.90 4.66 224
1523 FC1 — FC3 1.55 2.26 86.56 —6.08 22.92 -594
FC1 — FC4 2.71 8.09 63.18 4.70 24.38 -0.34
FC1 — FC5 3.37 12.55 81.22 432 27.53 - 8.86
FC1 — FC7 4.00 16.82 91.57 8.91 28.21 -2.20
FC2 — FC3 2.01 0.87 62.95 - 12.78 21.18 - 1.10
FC2 — FC4 4.61 4.77 69.20 8.30 24.39 4.51
FC6 — FC7 291 20.26 73.56 2.60 18.20 -4.95

observed between the A2 and B2 phases, and the
two-phase fcc + B2 and fcc + A2 boundaries pre-
sented  inflection @ at the  order/disorder
transformation.

At the Al-rich corner, most intermetallic com-
pounds were treated with a fixed Al content for
simplification in view of the experimental facts of
narrow composition ranges, except for the Alys(-
Co,Fe), phase. As observed from Figs. 5a—d, the cal-
culated results are in agreement with the
experimental data by Zhu et al. [21], and a relatively
large discrepancy with the results by Grushko
et al.[22] is noticeable. This discrepancy may be
caused by the relatively low accuracy of the EDS
composition analysis.

In the Co-Al-Fe system, the liquidus on the Co-Fe
side has been rarely studied. The only available data
were determined experimentally by Koster [49].
Although no ternary interaction parameters were
introduced, the calculated liquidus was in good
agreement with the experimental data by Koster [49],
as shown in Fig. 7. As for the equilibrium between
the fcc and B2 phases, the calculated results showed a
certain deviation from the experimental data at 20

and 40 wt.% Fe. Considering the good agreement of
the isothermal sections discussed above, this devia-
tion may be due to experimental error.

The calculated isoplethal sections of the Co-Al-Fe
system at 40 at.% Fe, 50 at.% Fe, and 50 at.% Co were
compared with the experimental data [18, 47, 50, 51],
as shown in Fig. 8. The calculated order—disorder
transition was in good agreement with the experi-
mental data by Wang et al. [18], as shown in Fig. 8a
and b, but slightly deviated from the data by Kamyia
et al. [47]. In Fig. 8c, the experimental phase equi-
libria by Kogachi et al. [50] were reasonably repro-
duced using the present thermodynamic description.

The calculated isoplethal sections at high Al con-
tents (97.5, 98.5, and 98.75 wt.% Al) are shown in
Fig. 9. The only experimental data of the phase
equilibria between the liquid and intermetallic pha-
ses were reported by Raynor and Waldron [19]. The
difference between the presently calculated results
and the experimental data was large, particularly for
the liquidus temperature. This might be attributed to
the low accuracy of the experimental data. For
instance, the measured liquidus temperatures of
binary Fe-97.5Al1 (wt.%) were apparently higher than
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Table 6 Thermodynamic parameters of the Co-Al-Fe system

J Mater Sci (2022) 57:7343-7366

Phase Parameter (J/mole per formula unit) Reference
liquid 0L — 150510 + 33.73T [14]
(ALCo,Fe), LIS 292949 4 12.05T [14]
2Lylte = +33074.5 — 3.41T [14]
OLaite = 81930 + 16.03T [17]
Ly = ~15100 + 9.38T [17]
2Lyl = +196 [17]
0L = —9939 +3.29T [15]
LM = ~1713 +0.91T [15]
2Lt = +1271 [15]
bee OLatva = +160000 — 31T [14]
(ALCo.Fe,Va), 0LA2 = +130988 — 11.39T This work
0L . = +150000 This work
0Lt co = —93092 + 1.3T This work
OLrre = —122360+31.6T [17]
Litre = +2945.2 [17]
2L = +495 [17]
OT‘C‘i . = —437.95 [17]
o7 = -1719.7 [17]
OLea pe = —20205 + 14.8T + 0.9845TInT — 0.0076434T? [15]
Leope = +0 [15]
2Lt = +1316 [15]
"Tee,, = +590 [15]
OBeare = +1.5 [15]
Bore = —0.6 [15]
OLilz,Co,Fe = 1L[,:]2>C01Fe =0 This work
2L o = —30690.5 — 49.42T This work
B2 OGiiAl = OGEiCo = OGgeZ:Fe = OGf/i:Va =0 This work
(Al,Co,Fe,Va) s(ALCo,Fe,Va)y s 0G® —0G™  _ 70000 - 15.5T 4]
0GR . =G . = +20464 + 18.775T This work
Ocﬁiw = OG?,iFC =0 This work
0GB = 0GR = —92954+30.07T This work
oG =9GE,, = —16072-4.56T [17]
0TE = 0Tgr =250 [17]
OBurre = “Broar = —2.72 [17]
0GR = O0GR2 . = —1245—1.89T [15]
0Te: =OTZ =+4370 [15]
OBeare = "Proco = +0.14 [15]

B2 B2
OLA],Fe:Al = OLM:ALFC = 5600
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Table 6 continued

7353

Phase Parameter (J/mole per formula unit) Reference
0Lt rere = "Lpoarre = —1400+2.4T [17]
oLy Fealpe — —5400 —4.8T [17]
“Larkes = "Liaire = —3946 — 4T [17]
1LA] Fes — IL* AlFe = 1120 [17]
2LAl Ferx = ZL* ALre = —920 [17]
OTCM . OTC* =250 [17]
0 /]ilee* O.B* ALFe™ — 0.6 [17]
lﬁAlFe*— ﬁ*Alpe__1~6 [17]
2B e = 2Boppe=04 [17]
OLgi,Fe:Fe = OLIES Co,Fe — —872 [15]
OTe e = Tenern =T, = Tersgu= = 370 [15)
OLiIZCo:Fe = OLEeZ ALCo = —27277.6 +15.31T This work
Lt core = 'Lieaico = +20423.4 — 3.36T This work
0L o = "L core = +7176.5 This work
L o = L core = —3399.6 4+ 2.50T This work
0L o = L2 o re = —6610.6 + 8.05T This work
Lt reco = 'Leaare = —5000.5 4 2.51T This work
fec OLatco = —124200 + 17.24T [14]
(ALCo,Fe), LA, = +6212.7 — 3.73T [14]
2L, = +31337 — 1.56T [14]
0TCAIC = —1950 [14]
OBarco = +6.98 [14]
0L\ re = —100041 4 25.14T [17]
Lipe = +33159 — 11.86T [17]
2Lrre = +32200 — 17T [17]
OLggpe = —9112 +3.3T [15]
Légre =0 [15]
2Log pe = +1667 [15]
0T = 4283 [15]
ITg = 1879 [15]
0 Ccl),Fe =+8.9 [15]
Beore = =39 [15]
0Ll core = +201300 This work
1L§11 core = 135490 This work
" This work

2L AlLCoFe = —/9560
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Table 6 continued

J Mater Sci (2022) 57:7343-7366

Phase Parameter (J/mole per formula unit) Reference
hep OLgs pe = —8500 + 7T [15]
(ALCo,Fe), 18— 800 [15]
078 = -253 [15]
'TE,. = +1494 [15]
OBdspe = —0.78 [15]
VBeare = +2.24 [15]
Als(Co,Fe), OGhLCOT: _ 5oGAl — 20GA3 = ~329990 + 73.45T [14]
(ADs(Co,Fe), oGARICOTe: _ 50GAl _ 20GA2 — 227000 4 54T [17]
0N = ~108240.9 + 74.2T This work
LA = +36253.3 This work
Al;Co OGADSS — 3°GAT —°GA% = —165046 + 32.725T This work
(AD3(Co),
Al;5(Co,Fe), oGAICoF — 0.765°GA! — 0.235°GA2 = —30680 + 7.44T (17]
(ADo.6275(C0.Fe)o 235(ALVa)o.1375 oGhICoFel _ 0.6275°GAl — 0.235°GA2 = —28100 + 7.44T (17]
oGARICOFe _ 0.7650GAl — 0.235°GA3 = —38800.588 + 7.36T This work
GhLCoT _0,6275°GAl — 0.235°GA3 = —36000 + 11.8T This work
LY = 1458 This vork
Aly(Co.Fe), GhrreotF — 90GAl — 20GA3 = ~329700 + 53.14T [14]
(Al)g(Co, Fe), oG/:?F(eCO:Fe)z — 99GAl — 20GA2 = —175000 This work
OL/:?((:S;?)Z — _9158 This work
AlgFes OGRS —13°GAl =0 [17]
(ALFe)s(Al Fe)s OGRS — 8°GAl — 5°GA2 = —394000 + 36.2T [17]
OGpERe — 5°GAl — 8°GA2 = +200000 + 36.2T [17]
0GR —13°GA2 = +13000 [17]
LA = —120000 [17]
Lo = —174000 [17]
Aly(Co,Fe) 0GARICOTe) _ 20GAT _0GA2 — 103900 4 23T [17]
(AD)(Co,Fe), oGAECOTe) _ poGAL _0GAS — _102030 + 10T This work
This work

oGARCOTe) _ 531772 4 24.8T
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Figure 5 Calculated Co-Al 2000
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phase diagram using the
modified thermodynamic 1800
parameters.
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the thermodynamic description of the Al-Fe system,
as shown in Fig. 9a. Moreover, although the differ-
ence in the Al content was very small in Fig. 9b and c,
the difference in the liquidus temperature was more
than 20 K.

Atomic mobility assessment

The atomic mobilities of the fcc Co-Al-Fe alloys were
optimized based on the interdiffusion coefficients
determined in this study. The mobilities for the bin-
ary sub-systems were directly taken from Refs.
[14, 15, 24, 25] as mentioned in “Diffusion data”
Section. Mobility interaction parameters were intro-
duced to improve the fitting of the experimental data.
Table 7 summarizes the atomic mobility parameters.
A comparison of the logarithmic values of the cal-
culated main interdiffusion coefficients with the
experimental data is shown in Fig. 10. The dashed
lines form a generally accepted error band of a mul-
tiplying factor of 2.0 or 0.5. The calculated main
interdiffusion coefficients are in reasonable agree-
ment with the corresponding experimental results
determined in this study.

04 05 06 07 08 09 1.0

Mole fraction Al

To validate the reliability of the present model
parameters, a comparison between the calculated and
experimental composition profiles of typical diffu-
sion couples is shown in Figs. 11, 12 and 13. The
experimental diffusion profiles were satisfactorily
reproduced using the model parameters. As
observed, the diffusion of Al was slightly faster than
that of Fe, which indicates that the interdiffusion
coefficient of Al is larger than that of Fe in fcc Co-Al-
Fe alloys.

The calculated diffusion paths of all the diffusion
couples were compared with the experimental data,
as shown in Fig. 14, and good agreement was
observed. The diffusion paths show a slightly curved
S shape, which is caused by the difference in the
interdiffusion coefficient and the mass balance of the
diffusion species [52].

Summary

In the present work, the thermodynamic parameters
of the Co-Al-Fe system and atomic mobilities for the
fcc phase were successfully assessed using the
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<«Figure 6 Calculated isothermal sections of the Co-Al-Fe system
compared with the experimental data: a 1073 K, b 1173 K,
c 1223 K,d 1273 K, e 1343 K, f 1373 K, and g 1473 K. Dashed
lines represent the A2/B2 second-order transition.

CALPHAD method based on experimental data from
the present work and literature.

The Al-rich side phase boundary of the B2 phase at
1273 and 1343 K was determined by EPMA and XRD.
The phase equilibria between the B2 and intermetallic
compounds were established, and no new ternary
compounds were identified. Moreover, the phase
equilibria at the Co-Fe rich side at 1073 K were
carefully established. The miscibility gap of the B2

7357

phase at 1073 K was not observed. Only a A2/B2
order—disorder transformation was observed. Com-
bined with the previous experimental work and the
data in the literature, the thermodynamic description
of the Co-Al-Fe system was critically assessed. The
present thermodynamic description can reasonably
reproduce reliable experimental data.

The interdiffusion coefficients in the fcc phase were
experimentally investigated at 1323, 1423, and 1523 K
using the diffusion couple method. Combined with
the present thermodynamic description, the atomic
mobilities of Co, Al, and Fe in fcc Co-Al-Fe alloys
were assessed. Comprehensive comparisons between
the calculated and experimental diffusion profiles
and paths indicated that the diffusion behavior was
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Figure 7 Calculated isoplethal section of the Co-Al-Fe system in comparison with experimental data: a 10 wt.% Fe, b 20 wt.% Fe, and
¢ 40 wt.% Fe. The dashed line represents the A2/B2 second-order transition.
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Figure 8 Calculated isoplethal sections of the Co-Al-Fe system in comparison with experimental data: a 40 at.% Fe, b 50 at.% Fe, and
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Figure 9 Calculated isoplethal sections of the Co-Al-Fe system at the Al-rich corner in comparison with experimental data: a 97.5 wt.%
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Table 7 Summary of the atomic mobilities for fcc Co-Al-Fe

alloys
Mobility Parameter (J/mol)
Mobility of Al
Qal 26719 + R x T x LN(1.08 x 107°)
o ~275359 + R x T x LN(1.54 x 107%)
ke —242731.1+ R x T x LN(3.575 x 107°)
ALLC
ogalce +50000
0QGuFe —6047.9
Mobility of Co
Al —172082 + R x T x LN(3.28 x 102)
o —301654 + R x T x LN(2.18 x 107*%)
Fe —301900 + R x T x LN(1.0 x 107%)
Al C —
oQALCo 50000
oQCoFe +315049 — 2185 x T
Co

Mobility of Fe
Al
Fe
Co
Fe
Fe
Fe
0Co,Fe
QFe
0AlLCo
QFE

—214000 + R x T x LN(3.62 x 1071)
—259074 + R x T x LN(1.61 x 1079)
—286000 + R x T x LN (7.0 x 107°)
—61585451.88 x T

—111270
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Figure 14 Comparison between the calculated diffusion paths and the experimental data of the ternary fcc Co-Al-Fe diffusion couples

annealed at (a) 1323 K, (b) 1423 K, and (c) 1523 K.

adequately represented by the present mobility
description.
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