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Experimental and theoretical studies
on phase separations in the Fe-Al-Co
ordering alloy system

T. KOZAKAL, T. MIYAZAKI?
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Phase separations in iron-rich Fe—Al-Co ternary alloys were investigated by means of
transmission electron microscopy, differential thermal analysis and magnetization measurement.
Two kinds of phase separations have been found at 923 K; A2+ B2 and B2+ B2*. The former
occurs in a tongue-shaped composition region ranging from Fe-12at%Al-15at% Co to
Fe—35 at % Al-45 at % Co and the latter appears in the small region bordering on the Fe—Al binary
side of the A2 + B2 field. These two-phase fields have theoretically been evaluated on the basis of

the so-called Bragg-Williams—Gorsky model taking account of not only chemical but also
magnetic interactions. The magnetic ordering accounts for the expansion of the A2+ B2
coexistent region. In the measurement of magnetic properties, large increases in coercive force,
H,, and residual magnetic flux density, B,, were observed in the two-phase microstructures.

1. Introduction
A phase separation in an ordered solid solution is one
of the important subjects in the field of material
science. It has been believed that, because an ordering
system has a negative interaction energy between the
nearest neighbour atoms and hence has a strong tend-
ency to form unlike atom pairs, the phase separation
arising from the formation of like pairs does not occur
in the ordering alloy system. Recently, however, the
phase separations in ordered phases have experi-
mentally been found for several alloys such as Fe—Si
[1-3], Fe-Al [4-6], Fe-Ge [7], Fe-Ga [&],
Cu—-Mn-Al [9] and so on. A theoretical evaluation of
the free energy for such binary systems, where the
interaction energies up to higher order neighbours are
taken into account, has been investigated [10], and
thereby the understanding of phase separation in or-
dered binary alloys has rapidly been promoted. In
ternary alloy systems, however, phase separations
have only been investigated in a few alloy systems
such as Fe-Si—Al [11], Fe-Si-V [12] and Fe-Si—Co
[12] as far as we know. In a practical aspect, several
iron-based ordering alloys have been reported to have
good magnetic properties [13,14]. For example,
FeGaSi and FeAlGe alloys prepared by sputtering
show excellent soft magnetism [13]. In this practical
research, however, no microstructural investigation
was performed. Most of the material properties are
sensitive to the microstructure of the materials and the
microstructures are mainly dominated by the phase
diagram. Consequently, the phase diagram is the use-
ful guide to develop new materials.

In recent years we have experimentally investigated
the phase separations of the ternary ordering iron-
based alloys and proposed the ternary phase diagrams
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[12]. Furthermore, we have thermodynamically cal-
culated the phase diagrams on the basis of the
Bragg—Williams—Gorsky (BWG)  approximation
[15, 16].

The phase separations of Fe—~Al-Co ternary alloy
system have previously been studied by a few workers
[17,18]. Inden [ 18] and co-workers have reported the
phase separation of A2 into A2 and B2, while our
group [17] have found the B2 + B2* phase separation
in addition to the A2+ B2 separation. Thus, the
phase diagram of this system is still indistinct.

In the present paper, we report experimental results
on the phase separation in iron-based Fe—Al-Co
alloys and propose the phase diagrams. The calculated
phase diagrams on the basis of the so-called BWG
approximation are shown and the effect of ferro-mag-
netic ordering on the phase separation is discussed
thermodynamically. Finally, the magnetic properties
experimentally obtained for several Fe—Al-Co alloys
are discussed on the basis of relevance with the phase
diagram.

2. Experimental procedure
A large number of Fe-Al-Co alloys prepared with
a vacuum induction furnace were remelted in a quartz
tube, 7 mm diameter, and then quenched directly on
to a steel roll rotating at a high speed. The ribbon
specimen obtained was about | mm wide and
20-30 um thick. The ribbons were isothermally an-
nealed at 923 K for various times up to about 26 days,
and their microstructures were observed by transmis-
sion electron microscopy (TEM).

Thin foils for TEM were prepared by electropolish-
ing in a solution of HCIO, (11% by volume) and
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CH,COOH (89%). In the TEM observation, the inci-
dent electron beam was directed parallel to the [011]
direction of the thin foil. Differential thermal analysis
(DTA) was performed to obtain an outline of the
two-phase boundary in the phase diagram. Energy
dispersion spectroscopic (EDS) and magnetic analyses
were carried out to determine the direction of the
tie-line in the two-phase field. In the EDS analysis,
local compositions of the microstructures were meas-
ured in situ with TEM, using an electron probe hole
about 5 nm in size. In the thermomagnetic analysis,
the specimens were heated from room temperature to
1273 K at a rate of about 1.67 Ks™'.

Coercive force, H., and residual magnetic flux dens-
ity, B,, were measured at room temperature using the
vibrational sample magnetometer (VSM) at the max-
imum applied field of 1.19 MAm~! (15kQOe). The
specimen used for measurement of magnetic proper-
ties was cylindrical shaped, 6 mm diameter and 5 mm
high, and the magnetic field was applied parallel to the
direction axis of the cylindrical sample.

3. Results
3.1. Electron microscopic observations
TEM microstructures were observed for several alloys
annealed at 923 K, mainly for more than 20 days. In
this section four typical microstructures are shown.
Fig. 1 shows the electron micrograph of Fe-15
at % Al-14 at % Co alloy (alloy T) annealed at 923 K
for 1.99 x 10% s (23 days). In a bright-field image (a),
many cuboid precipitates are observed, while in
a dark-field image (b), taken from the 100 ordered
spot, these precipitates are brightly illuminated. The
alloy thus shows a microstructure where ordered B2
cubes disperse in a disordered A2 matrix phase.
Micrographs of Fe-24 at % Al-19 at % Co alloy (W)
annealed at 923 K for 2005 x 103 s (24 days) are shown
in Fig. 2. Because cuboid particles are brightly illu-
minated in the dark matrix (b), the A2 + B2 phase
separation also occurs in this alloy.

Figure I Transmission electron micrographs of Fe—-15at%
Al-14 at % Co alloy (T) annealed at 923 K for 199 x 10° s (23 days).
(a) Bright-field and {(b) dark-field images from a ! 00 ordered spot.

Fig.3 shows a 100 dark-field image of
Fe-21at % Al-11at % Co alloy (I) annealed at 923 K
for 1886 x 10% s (21 days). It is well known that there
are two kinds of ordered phases having different
brightness. One is cuboid precipitate and the other is

Figure 2 Transmission electron micrographs of Fe—24 at % Al-19 at % Co alloy (W) annealed at 923 K for 2005 x 10° s (24 days). (a) Bright-
field, (b) dark-field images from a 100 ordered spot and (c) (01 1) diffraction pattern.
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Figure 3 (a) Dark-field image from a 100 ordered spot and (b) (011) electron diffraction pattern of Fe—21at % Al-11at % Co alloy (I)
annealed at 923 K for 1886 x 10% s (21 days), showing two kinds of ordered phases.

the matrix with anti-phase boundary (APB). In the
electron diffraction pattern, only one kind of ordered
spot, 100 spot, is observed and no other type of
ordered spot, such as DO; type 1/2, 1/2, 1/2 super-
lattice spot, is ever recognized. Therefore, the micro-
structure results in B2 + B2* phase separation.

When an Fe-35 at % Al-35 at % Co alloy (Q) is an-
nealed at 923 K for 2246 x 10% s (26 days), the micro-
structure shown in Fig. 4 is obtained. Rod-shaped
precipitates are observed as dark parts in the dark-
field image (b). This indicates that disordered A2
phases precipitate in B2 ordered matrix.

3.2. Phase diagrams

On the basis of many observations of microstructures,
an isothermal equilibrium phase diagram at 923 K
was determined as shown in Fig. 5. A2 + B2 two-
phase field expands from A2/B2 transition line of the
iron-rich corner to the central part of the Gibbs tri-
angle like a tongue, and the B2 + B2* field exists
adjacent to the aluminium-rich side of the A2 + B2
region.

In order to determine the change of the coexistent
field with temperature, we undertook a DTA analysis.
Fig. 6 shows the DTA curve of Fe-22at%
Al-13 at % Co alloy (Y), where an éndothermic peak
is recognized at 983 K. This indicates that precipita-
tion of B2 phase from A2 begins to occur at T; and
dissolution of B2 starts roughly at 983 K. Thus, the
boundary temperature of the single/two-phase is es-
timated to be 983 K for this alloy. Fig. 7 represents the
boundary temperatures experimentally obtained from
the endothermic peaks. With decrease of temperature,
the two-phase coexistent field expands, particularly to
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Figure 4 (a) Bright-field and (b) 100 dark-field images of
Fe-35at % Al-35at % Co alloy (Q) annealed at 923K for
2246 x 103 s (26 days). Rod-shaped disordered A2 phases precipitate
in the matrix B2 ordered phase.
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Figure 5 An isothermal section of the experimental phase diagram
of the iron-rich corner of the Fe—Al-Co ternary system at 923 K.
(A)A2,(0) B2, (@) A2 + B2,(O) B2 + B2*. Asterisks indicate the
chemical compositions of B2 and A2 phases calculated from the
EDS spectrum of Fig. 8.
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Figure 6 DTA curve during heating of Fe—22at % Al-13 at % Co
alloy (Y), showing an endothermic peak at about 983 K. Heating
rate 025 Ks ™.
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Figure 7 Single/two-phase boundary temperatures
peaks and two-phase region at various temperatures.

from DTA

the Fe—Al binary side, while the phase boundary
shows little shift in the Fe—Co binary side.

3.3. Tie-line and decomposition path
of A2 + B2 phase separation

According to the phase diagram shown in Fig. 5, the
direction of the tie-line of A2 + B2 phase separation is
thought to be roughly parallel to the line connecting
pure iron with the central part of the ternary phase
diagram. This was, in fact, experimentally confirmed
by in situ energy dispersion spectroscopic (EDS)
chemical analyses for A2 and B2 phases. Fig. 8 shows
the EDS X-ray spectrum taken from the microstruc-
ture of the alloy W (see Fig. 2). Cobalt and aluminium
atoms are concentrated into the B2 ordered precip-
itate, while iron atoms are enriched into A2. Copper
peaks are due to the grid supporting the thin foil.
According to the thin-film approximation proposed
by Zaluzec [19], the average chemical compositions of
A2 matrix and B2 precipitate are estimated to be
Fe—12.1at % Al-9.4at% Co and Fe-374at% Al-
43.9 at % Co, respectively, marked with asterisks in
Fig. 5.

Although the tie-line was determined from the EDS
analysis, as mentioned above, the path of phase de-
composition is still unknown. For the estimation of
the decomposition path, the change in Curie temper-
atures with progress of phase decomposition was
measured for the alloys R and W, as shown in Fig. 9.
Equi-Curie temperature lines, shown as broken curves
in Fig. 5 [17], are nearly parallel to the tie-line. If the
alloy begins to decompose initially along the direction
normal to the tie-line, that is normal to the equi-Curie
temperature line, the Curie temperature of the alloy
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Figure 8 EDS X-ray spectrum from (a) B2 and (b) A2 phases of
Fe-24 at % Al-19at % Co alloy (W) annealed at 923 K for 2 x 10° s.
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must rapidly rise in the early stage of the phase de-
composition. However, the Curie temperatures in
alloys W and R rise gradually with annealing. There-
fore, it is concluded that the phase decomposition
progresses nearly along the tie-line throughout the
phase decomposition.

4. Calculations of ternary phase
diagrams based on the
Bragg-Williams—Gorsky model

4.1. Theoretical background

The calculation model is only briefly mentioned here

because it has already been shown in detail in our

previous papers [15, 16].

In order to describe the atomic configurations of B2
and DOj; ordered structures in bcc ternary alloy, we
divided the unit cell of DO; superlattice into four fcc
sublattices I, II, Il and IV, and defined six indepen-
dent order parameters given by the following equa-
tions

Xa=(PA+ PX—PY—PY)/(Py+ P{+ P + PY)
Yy = (PR — PR)/PY + PY),
Zy = (Px— PR)/(PA + PY)

Xp = (Py + Py — P¥ — P})/(Py + P; + P + PY)

Yy = (Py — PB)/(PY + P%),
Zy = (Pg — Py)/(Pg + Pk) (1)
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Figure 9 Changes in Curie temperatures with annealing at
923 K of (O) Fe-22at% Al-29at % Co (R) and (A) Fe-24at %
Al-19 at % Co (W) alloys, which are initially as-liquid quenched.

Wi;. The kth nearest neighbour magnetic interchange
energy, J§, is defined by

Jh=Wap = V)2 k=12 3)

where V;;;: and Vy;;, are the bonding energies of i~
atom pairs with parallel and antiparallel spins, respec-
tively. When JJ < 0, the alloy is in a ferromagnetic
state.

The configurational free energy, F;, of the A-B-C
ternary solid solution, taking into account a pairwise
interaction approximation up to the second nearest
neighbour, is given by the following equation

F,=U°— NZC,-CJ-[4(W%> + M)+ 3(WwP + MP)]
+ NY G4 + 3J D)7 + NY CCX X [4W) + M) = 3@ + MP)]
+ (3N/2)ZCiCj[(1 —X)1—=X)Y.Y;+ (1 + X)A + X)ZZIJWE + MP)
+kNTY CiInC; + (kNT/2)Y C:[(1 — X)In(l — X;) + (1 + X)in(1 + X )]
+ (KNT/4)> {C:(1 — X)[(1 + Yy)In(l + Y3) + (1 — Y)In(1 — Y3)]
+ Ci(1 + X[ + ZHIn(1 + Z) + (1 — Z)In(1 — Z)T}
+ kNTYmC:{[(1 + ¢)/2]In[(1 + /2] + [(1 — g)/2]In[(1 — g:)/21} (4)
MG = —2J%qq; + JWqt + T 43

MG = —20%qq, + 190} + I Y4}

where P% is the occupation probability of atom i on
the sublattice L. In addition to these atomic order
parameters, a parameter g; is introduced to express the
magnetic ordering between spins. The occupation
probability of atom i having up or down spin on the
sublattice L is given by

Pl = Pi(1 + 4)/2, P = Pi(1 — q)/2, Py = P + P
@

Here, the ferromagnetic and paramagnetic states are
represented by ¢; = + 1 and ¢; = 0, respectively.
The phase stability of an alloy is generally affected
by not only atomic ordering but also magnetic order-
ing [20]. Therefore, when the alloy contains a fer-
romagnetic element, the magnetic interchange energy,
Ji;, between the magnetic moments should be intro-
duced in addition to the atomic interchange energy,
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i,j=A,B,C.

4.2. Calculation of Fe-Al-Co ternary phase
diagrams
4.2.1. Assessment of atomic and magnetic
interchange energies

Calculation of the Fe—Al-Co ternary phase diagram
requires numerical values of atomic and magnetic
interchange energies for three binary subsystems
Fe-Al, Fe—Co and Al-Co. The numerical values of
interchange energies used in the calculation are sum-
marized in Table 1. (According to Inden [10], numer-
ical values of interchange energies are dependent on
a statistical model. The values in Table I are corrected
by using the method proposed by Inden.)

The iron-rich part of the Fe—Al binary phase dia-
gram has been analysed by Oki et al. [6]. They exam-
ined the phase diagram on the basis of the BWG



TABLE I Numerical values of interchange energies used in the
calculation of phase diagrams in Fig. 10.

w W@ J J@ Ref,
Fe-Al 1100 k 550 k - - [6]
Fe-Co 410k 0k - - [21]
Al-Co 2660 k 1110k - - [25]
Fe-Fe - - — 197k 67 k [6]
Co-Co - - — 125k —-67k
Fe-Co - - — 200k 0k

k=138x10"2%J

approximation containing the magnetic interactions
up to the second nearest neighbours and estimated the
atomic interchange energies W¢&,, W¢A, and the
magnetic interchange energies J,) , J 2 as shown in
Table I.

For the Al-Co system, Ackermann [25] has re-
cently evaluated atomic interchange energies W, ,
W2, from the experimental values of A2/B2 critical
temperatures in several Fe—Al-Co alloys.

Inden [21] and Inden and Meyer [22] have per-
formed the analysis for the Fe—Co binary system by
considering the magnetism, and estimated two atomic
interchange energies, Wi, W2, and three mag-
netic interchange energies, JeX., Jéds, Jd&. In their
calculations, the magnetic interchange energy was
considered only for the first nearest neighbour spins,
as described above. In the present study, however,
because the magnetic interaction is taken into account
up to the second nearest neighbour distance, new
magnetic interchange energies need to be evaluated.
Adopting the ‘atomic interchange energies
Wik, (k = 1, 2) determined by Inden [21], and the
magnetic interchange energies Jev2, (k = 1, 2) derived
by Oki et al. [6], we re-estimated the other magnetic
interchange energies Jgido, JEZ,, Jd&, and
JdZ, based on the critical temperature of A2/B2
transition [23] and the Curie temperature [22] experi-
mentally obtained for the Fe—Co binary system.

4.2.2. Isothermal ternary phase diagrams

The iron-rich part of the ternary equilibrium phase
diagrams calculated at 923, 873 and 800 K, are shown
in Fig. 10. The A2 + B2 coexistent fields appear at
923 K in two regions: one spreads from the iron-rich
region towards the CoAl intermetallic compound
(hereafter this field is called A2 + B2 (1)), and the other
exists as a small region near the Fe~Al binary system
(A2 + B2 (I1)). A coexistent field B2 + B2* lies adja-
cent to the A2 + B2(I). The A2 + B2(I) and B2 + B2*
fields agree with the experimental result (see Fig. 5),
although the A2 + B2 (I) field is smaller than the
experimental one. In the phase diagrams at lower
temperatures (Fig. 10b, ¢), not only the two-phase
regions such as A2 + DOj; and DO; + DO%, but also
a three-phase coexistent field appears.

The magnetic transformation line at 923 K lies
nearly on the boundary between A2 + B2 (I) two-
phase and B2 single fields, as shown in Fig. 10a. This
implies that the magnetic ordering has a great influ-

B2
B2+B2*
A2 +B2 (I
L L L
Fe 20 40
(a) Al (at. %)

Co (at. %)
40

B2 +B2*

A2+B2*
L L i

Fe 20 40
(b} Al (at. %)

Co (at. %)

(c) Al (at. %)
(T) A2+B2+DO0,

Figure 10 The iron-rich part of the calculated phase diagrams for
the ternary Fe—Al-Co system. (a) 923 K, (b) 873 K and (c) 800 K.
(- -+ ) Phase boundary in a paramagnetic state, (— . —) magnetic
transformation line.

ence on the phase separation, particularly on the
A2 + B2 (I) phase separation. In fact, when the mag-
netic interaction is not taken into account in the
calculation of the phase diagram, the A2 + B2 (I)
region shrinks and shifts to the Fe—Co binary side and
the other coexistent regions disappear, as is recog-
nized by comparing the solid line and the dotted line
in Fig. 10a. It is, therefore, concluded that the mag-
netic ordering causes the expansion of the A2 + B2 (1)
two-phase region.
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Colinet et al. [24] recently calculated the Fe—Al-Co
ternary phase diagrams using the cluster variation
method (CVM). Because their calculations are based
on the tetrahedron approximation containing the
multiple correlations, the results might be more pre-
cise than our calculations with the BWG point ap-
proximation. As mentioned above, however, our
results are approximately coincident with the phase
diagram obtained experimentally.

5. Magnetic properties

The properties of materials are generally affected by
the phase separation. In this section the magnetic
properties such as the coercive force, H., and the
residual magnetic flux density, B,, are shown as func-
tions of alloy composition and annealing time.

The alloys were solution-treated at 1073 K for
1.44x 10%s (4h) and then annealed at 923 K for
21.6 x 10* s (60 h). The increments of H, with anneal-
ing, AH{( = H9,3x — H.1973x), are described in the
phase diagram (see Fig. 11). The alloys without phase
separation hardly change in H., while the ailoys with
phase separation such as P, W, and Q, show a fairly
large increase in H.. In particular, the Fe-35at %
Al-35at % Co alloy (Q), shows the largest increase of
356 kAm~'. Such a composition dependence was
also recognized in the changes in B, for the same three
alloys. These experimental results clearly show that
the phase separation, and hence the morphology of
microstructure, greatly affect the magnetic properties
of the alloy.

Changes in H, and B, of the alloy Q with annealing
time are shown in Fig. 12. H, and B, begin to increase
at about 20 x 103 s annealing time and reach maxima
at about 600 x 103 s. Fig. 13a—c are TEM 100 dark-
field images of the alloy Q annealed at 923 K for
86.4x 10% s, 586.8 x 10° s and 1209.6 x 10° s, respec-
tively. Disordered A2 phases precipitate in the ordered
B2 matrix. The A2 precipitates grow in size with
annealing and their shape changes from round cuboid
to plate or rod-shaped.

AH_ (kA m)
¢ -0.01

Fe 20 40 60
Al (at. %)

Figure 11 Increases, AH, ( = Hog23x — Hc1073x), in coercive force
H_ on annealing at 923 K.
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Figure 12 Changes in (O) H, and (A) B, of Fe-35at%

Al-35at % Co alloy (Q) during annealing at 923 K.

Figure 13 100 dark-field images of Fe—35 at % Al-35 at % Co alloy
(Q) annealed at 923 K for (a) 86.4 x 10%s (24 h), (b) 586.8 x 10° s
(163 h) and (c) 1209.6 x 10% s (14 days).



On the basis of the phase diagram shown in Fig. 5,
the experimental results above described are explained
as follows: because the phase separation proceeds
along the tie-line, the two coexistent phases should be
A2 phase with high Curie temperature, T, and B2
with low T,. The A2 phase is ferromagnetic while the
B2 phase is almost paramagnetic because of a small
saturation magnetization. According to the theory of
magnetism, the microstructure where ferromagnetic
particles are embedded in a paramagnetic matrix gives
good hard magnetic properties and, in fact, such
a microstructure has been observed in the permanent
magnets such as Alnico and Fe—Cr—Co alloys. There-
fore, the precipitation of A2 from the B2 matrix must
cause the improvement in H, and B, in alloy Q. The
phase diagram indicates that the volume fraction of
B2 phase of alloy P or W is smaller than that for alloy
Q, and in alloy W the paramagnetic B2 particles are
embedded in a ferromagnetic A2 matrix (see Fig. 2).
This is the reason why AH_ of alloy P or W is smaller
than that of alloy Q.

6. Conclusions

The phase separation and phase diagram were experi-
mentally investigated for Fe-Al-Co ternary alloys
using TEM, DTA, EDS and magnetic analysis. The
results obtained have been thermodynamically dis-
cussed on the basis of the BWG approximation. Mag-
netic properties of the phase-separated alloys were
also measured. The following results were obtained.

1. Two kinds of phase separations occur at 923 K,
A2 + B2 and B2 + B2*; the former occurs in a large
composition region from Fe—12at % Al-15at % Co
to the central part of the Gibbs triangle and the latter
appears on the Fe—Al binary side.

2. The A2 + B2 and B2 + B2* two-phase fields cal-
culated based on the BWG model are approximately
coincident with the regions determined experi-
mentally.

3. The A2 + B2 field is enlarged by magnetic order-
ing.

4. Increases of coercive force and residual magnetic
flux density with annealing are observed in the alloys
whose compositions are located in the high solute
content area of the A2 + B2 field.
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